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ABSTRACT
The George Sound Shear Zone (GSSZ) exposed in Bligh Sound within Fiordland,
New Zealand allowed us to reconstruct the kinematics of transpressive flow in >100 km2
of exhumed Cretaceous lower crust. We compare the three-dimensional characteristics of
the deformation to theoretical models of transpression that assume steady-state flow in a
homogeneous medium. This assumption is rarely the case for shear zones that experience
metamorphism during deformation. We determined the three-dimensional kinematics of
the GSSZ and evaluated the effects of metamorphism on strain accommodation and
structural fabric evolution in the GSSZ to determine if metamorphism is an important
parameter that transpressional models should account for. We found that metamorphism
aided strain localization within the GSSZ and resulted in a style of structural fabric
development that deviates from predictions made by theoretical models.
We used foliation and lineation orientation data and field observations to determine
GSSZ kinematics. Asymmetric pyroxene σ-porphyroclasts and hornblende fish show topdown-to-the-SW apparent normal shear sense with a sinistral component. The Z-axes of
oblate SPO ellipsoids define the vorticity normal section and the moderately WNWplunging vorticity vector. Foliation deflections relative to the shear zone boundaries
yielded a vorticity magnitude (Wk) of ≥0.8. Our kinematic results suggest that the GSSZ
records inclined, triclinic transpression with sinistral, top-down-to-the-SW simple sheardominated flow.
We used finite strain analysis and petrographic analysis to determine that
metamorphism influences strain accommodation. Finite strain analyses were performed in
3D on 16 samples using the Rf/ɸ, Fry, and Intercept methods to determine the SPO fabric
ellipsoids at different stages of deformation. Petrographic analysis was performed to
identify metamorphic reactions using syn-kinematic minerals and constrain deformational
temperatures using deformation mechanisms of plagioclase. Early deformation formed a
~13 km wide prolate fabric at granulite facies. Deformation later localized into a ~2-4.6
km wide oblate, mylonitic fabric at upper amphibolite facies. This fabric cross-cuts the
prolate fabric and is characterized by metamorphic hornblende and biotite produced from
retrogressive hydration reactions. Samples with syn-kinematic biotite contain more shear
bands and display more grain size reduction of plagioclase than samples without this phase,
suggesting these samples may have accommodated more strain. Changes in syn-kinematic
metamorphic minerals were accompanied by steepening of stretching lineations and by
changes in foliation orientation.
Our analyses show that retrogressive hydration metamorphism aided strain
localization within a cross-cutting oblate fabric, and the uneven distribution of biotite
within this domain potentially influenced along strike variation in strain magnitude and
fabric ellipsoid symmetry. Our results highlight the influence of fluid-induced
metamorphism on shear zone evolution and call for new transpressional models to
incorporate changes in rheology due to syn-kinematic metamorphism.

ACKNOWLEDGEMENTS
First and foremost, I acknowledge my advisor, Keith Klepeis. Keith, I cannot thank you
enough for your guidance during these past two years – I couldn’t have done this project
without you. Your enthusiasm, encouragement, and wealth of knowledge are what kept me
going throughout the course of this project. Whether we were getting attacked by sandflies
while taking measurements in Fiordland or discussing the finer points of kinematic analysis
in your office, you always had helpful advice to steer me in the right direction. Whenever
I would come to you with questions or ideas, I would always leave our meetings feeling
charged and excited to tackle the next research problem. Your passion and guidance have
been invaluable, and I am so grateful that you provided me with the opportunity to have
this experience.

I thank fellow grad student Christopher Eddy for being a great friend throughout this
process and for providing the base maps that were used in this document. Our collaborators,
Elena Miranda, Joshua Schwartz, Harold Stowell, Richard Jongens, Rose Turnbull, and
Kendra Carty were all a crucial part of the field team in Fiordland and made every day in
the field a joy. Additionally, Elena’s EBSD work on some of our samples was extremely
useful for interpretation of our thin sections. I thank Laura Webb for her insights on
microstructures, for the use of her microscope, and for always being willing to help.
Finally, a huge thanks goes out to Jesse Lee for working with me over the summer on our
strain analysis data – I couldn’t have asked for a better assistant.
ii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ................................................................................................ ii
LIST OF TABLES ............................................................................................................. vi
LIST OF FIGURES .......................................................................................................... vii
CHAPTER 1: INTRODUCTION ....................................................................................... 1
CHAPTER 2: LITERATURE REVIEW ............................................................................ 7
2.1. Geologic Background ............................................................................................ 7
2.1.1. Overview of Fiordland Tectonics ..................................................................... 7
2.1.2. Previous Work on the WFO, the Worsley Pluton and the GSSZ ................... 10
2.2. Shear Zone Anatomy ........................................................................................... 13
2.2.1. Transpression and Transtension ..................................................................... 14
2.2.2. Shear Zone Kinematics: Flow Symmetry and Vorticity................................. 15
2.3. Strain Analysis Background ................................................................................ 20
2.3.1. Strain Patterns in Transpression ..................................................................... 22
CHAPTER 3. METHODS ................................................................................................ 25
3.1. Data and Sample collection ................................................................................. 25
3.2. 3D Shape Fabric Analysis ................................................................................... 25
3.2.1. Sample Selection and Preparation .................................................................. 25
3.2.2. 2D Strain Analysis Methods ........................................................................... 28
3.2.3. Strain Analysis Software ................................................................................ 32
3.2.4. Comparing Strain Analysis Methods and Programs ....................................... 35
3.3. Structural and Kinematic Analysis ...................................................................... 38
iii

3.3.1. Structural Analysis.......................................................................................... 38
3.3.2. Kinematic Analysis ......................................................................................... 39
3.4. Petrographic Analysis .......................................................................................... 39
CHAPTER 4. RESULTS .................................................................................................. 41
4.1. Structure and composition of the GSSZ within the Worsley Pluton ................... 41
4.1.1. Composition: Mineral Assemblages throughout the Worsley ........................ 42
4.1.2. Relative Strain Intensity and Fabric Mapping ................................................ 50
4.1.3. Structural Patterns and Shear Sense Indicators .............................................. 55
4.2. Three-Dimensional Shape Fabric Results ........................................................... 57
4.2.1. Nadai-Hsu plots .............................................................................................. 59
4.2.2. Shape Fabric Symmetry Maps ........................................................................ 65
4.2.3. Strain Magnitude Maps................................................................................... 67
4.2.4. Comparing shape fabrics graphically ............................................................. 76
4.2.5. Shape Fabric Analysis Summary .................................................................... 85
4.3. Kinematic and Structural Analysis Results – Indicators of Transpression.......... 86
4.4. Petrographic Analysis .......................................................................................... 91
4.4.1. Composition and Microstructures of Mafic Aggregates................................. 91
4.4.2. Microstructures and Deformation Mechanisms of the Plagioclase Matrix .... 99
4.4.3. Petrographic Analysis Summary .................................................................. 106
4.5. Summary of Results ........................................................................................... 107
CHAPTER 5. DISCUSSION .......................................................................................... 109
5.1. Kinematic Analysis – Vorticity Parameters ...................................................... 109
iv

5.1.1. Vorticity Normal Section, Vorticity Vector, and Pure and Simple Shear
Vectors .................................................................................................................... 110
5.1.2. Flow Geometry of the GSSZ ........................................................................ 113
5.1.3. Wk: Simple Shear or Pure Shear Dominated? .............................................. 115
5.1.4. Discussion of GSSZ Kinematics .................................................................. 116
5.2. Metamorphic influences on Structural Fabric Variability ................................. 117
5.2.1. Grouping Structural Data by Metamorphic Domains ................................... 118
5.2.3. Implications – Structural Fabrics influenced by Metamorphism ................. 124
CHAPTER 6: CONCLUSIONS AND FUTURE WORK .............................................. 127
BIBLIOGRAPHY ........................................................................................................... 130
SUPPLEMENTARY FIGURES: 3D SHAPE FABRIC ANALYSIS PROCESS ......... 140
APPENDIX: 3D SHAPE FABRIC ANALYSIS DATA: ............................................... 146

v

LIST OF TABLES

Table

Page

Table 1. The widths of the confidence intervals (the difference between the
maximum positive error and maximum negative error) for each sample determined
from the Rf/ɸ and Fry methods. Shape fabric magnitude is represented by ε and
shape fabric symmetry (lodes parameter) is represented by ν. ......................................... 64
Table 2. Table with residuals (difference between two data points) for each sample
from comparisons of the three shape fabric analysis methods. We present the
differences in shape fabric magnitude (ε) and lode’s parameter (ν) for each method
comparison and show the average and median residuals for ε and ν for each method
comparison. ....................................................................................................................... 84

vi

LIST OF FIGURES

Figure

Page

Figure 1. Model of monoclinic transpression from Czeck and Hudleston (2003) in
the style of Sanderson and Marchini (1984). Deformation includes both a simple
shear and a pure shear component. The simple shear component controls fabric
orientation in early stages of deformation, resulting in horizontal lineations, and the
pure shear component controls fabric orientation in late stages of deformation,
resulting in a switch to vertical lineations........................................................................... 5
Figure 2. Map of northern Fiordland highlighting the Worsley Pluton, the George
Sound Shear Zone (GSSZ), the Indecision Creek Shear Zone (ICSZ), and Bligh
Sound. Inset shows map relative to New Zealand—blue highlight is Fiordland,
black box is this map. Fourteen samples used in this study come from the margins
of Bligh Sound (highlighted in red). The specific locations of these samples within
Bligh Sound are shown in figure 5. Two additional samples (19HB89B and
19HB85D) were collected from the edge of the Worsley Pluton by Keith Klepeis
and Peter Lindquist during a field season in January 2019. ............................................... 6
Figure 3. A reconstruction of Gondwana at ~ 120 Ma, modified from Mortimer
(2008). Plutonic rocks now exposed in Fiordland resulted from continental arc
magmatism from Panthallassan plate subducting underneath Gondwanan plate.
These rocks constitute the Median Batholith. PNG = Papua New Guinea. ........................ 8
Figure 4. Models of transpression modified from Lin et al. (2007). Symbols: γ̇ =
simple shear strain rate, ε̇ = pure shear strain rate, φ = angle between γ̇ and ε̇a, W =
rotational vorticity vector, VNS = vorticity normal section, HSZB = high strain
shear zone boundary, Ls = stretching lineation, ┴S = pole to foliation. A. An
undeformed block. B. A close up of a portion of undeformed material from A. C.
Block from B deforming by monoclinic simple shear. D. Block from B deforming
by monoclinic general shear (transpression). E. Block from B deforming by triclinic
transpression. Note that φ ≠ 0 or 90, and the VNS and W are inclined. F – H.
Stereonets showing fabric progression throughout deformations “C – E”. Foliation
rotates into parallelism with HSZB for all three cases, lineations steepen for both
cases of transpression. Numbers in “H” represent different γ̇ / ε̇ ratios............................ 17
Figure 5. Map of Bligh Sound with all stations at which structural data was
collected, all locations at which samples for shape fabric analysis were collected,
and the mineral assemblages present within each sample. Standard mineral
abbreviations from Whitney and Evans (2010) ................................................................ 26
vii

Figure 6. Workflow for using the programs EllipseFit, Intercepts2003, and
Ellipsoid2003 to perform shape fabric analysis using the Rf/ɸ, Fry, and Intercept
methods ............................................................................................................................. 38
Figure 7. Photomicrographs and outcrop images of mineral assemblage 1.
Abbreviations are as follows: Pl – plagioclase, hbl – hornblende, bt – biotite, opq –
opaque oxides, qz – quartz. All photomicrographs are from sample 18BS27. A.
Photomicrograph showing aggregates of fine-grained hornblende that characterize
this mineral assemblage. Oxides noted in the image have red-brown cores,
suggesting they are ilmenite or hematite. B. Cross-polarized image of “A” to show
plagioclase matrix. C. Clusters of biotite within plagioclase matrix. D. Image
outlining metamorphic quartz within dominantly plagioclase matrix in planepolarized light. E. Cross-polarized image of “D” to show quartz within matrix. F.
Outcrop image of station 18BS27 of foliation-parallel layer of ultramafic
hornblendite. ..................................................................................................................... 46
Figure 8. Photomicrographs of samples bearing mineral assemblage 2.
Abbreviations are as follows: Pl – plagioclase, pyx – pyroxene, hbl – hornblende,
opq – opaque oxides, qz - quartz. A. Pyroxene aggregates with minor hornblende
and oxides at their edges within plagioclase matrix, sample 18BS42. B. Crosspolarized image of “A” to emphasize plagioclase matrix. C. Pyroxene aggregates
with hornblende and oxides at their edges within plagioclase matrix, sample
18BS33. An asymmetric pyroxene aggregate showing top-down-to-SW shear sense
is in this image. Note that there are more hornblende and oxides within this image
compared to image A. D. Cross-polarized image of “C”. Quartz is present in the
matrix in this image, distinguished from plagioclase by straw-yellow interference
colors. E. Close-up view of a pyroxene aggregate in sample 18BS42. F. Crosspolarized image of “E”. G. Close-up view of a pyroxene aggregate in sample
18BS35. Note that there are more hornblende and oxides within this image
compared to image “E”. H. Cross-polarized image of “G”. ............................................. 49
Figure 9. Photomicrographs of samples bearing mineral assemblage 3.
Abbreviations are as follows: Pl – plagioclase, pyx – pyroxene, hbl – hornblende,
bt – biotite, qz – quartz, opq – opaque oxides. A. Image of pyroxene aggregates
with hornblende, oxides, and biotite occurring at their edges and within fractures.
B. Cross-polarized image of A to emphasize plagioclase matrix. Minor quartz
present in matrix, distinguishable by straw-yellow interference colors. C. Close-up
image of pyroxene aggregate in sample 18BS64 with hornblende tails that show
top-down-to-the-SW shear sense. D. Cross-polarized image of “C”................................ 49
Figure 10. Images from outcrops representative of the different categories of strain
intensity mapped in the field. A. Relatively low strain fabrics were defined by weak
to strong gneissic foliation with no asymmetry and L-tectonite fabrics. B. Moderate
strain gneissic fabrics were defined by protomylonitic textures with a penetrative
foliation and lineation. Foliation planes contain some asymmetric hornblende fish
viii

and tailed porphyroclasts with inconsistent asymmetry and some plagioclase
recrystallization. C. Relatively high strain fabrics were defined by mylonitic fabrics
with strong foliation and lineation. Fabrics show consistent shear sense in
hornblende fish, tailed porphyroclasts, and S-C fabrics and plagioclase is
recrystallized. .................................................................................................................... 52
Figure 11. Map of Bligh Sound showing strain magnitude domains mapped in the
field and structural measurements of foliations within our study area. Foliations
from previous study are from QMAP (Turnbull et al., 2010)........................................... 54
Figure 12. Map of Bligh Sound with orientations of mineral stretching lineations
and shear sense indicators recorded in the field................................................................ 56
Figure 13. Outcrop images highlighting common shear sense indicators recorded in
the field. Sigma-shaped pyroxene porphyroclasts with hornblende tails are outlined
in red and hornblende fish are outlined in green. A. Outcrop image from station
18BS32 with top-down-to-the-SW sigma-shaped porphyroclasts and a hornblende
fish. This station is within the northern moderate strain domain (Figure 11). B.
Image from station 18BS66 with two top-down-to-the-west sigma shaped
porphyroclasts. This station is within the high strain domain (Figure 11). ...................... 58
Figure 14. Nadai-Hsu plots for each shape fabric analysis method displaying results
from all samples. Datapoints with red labels are undeformed samples from outside
of the GSSZ and represent the shape fabric prior to deformation. A. Results from
the Rf/ɸ analyses. Red polygons around data points are 95% confidence windows.
B. Results from the Fry analyses. Blue polygons around data points are 95%
confidence intervals. The data for sample 18BS61 is highlighted in white to be
differentiated from the data for sample 18BS42. C. Results from the Intercept
analyses. This method does not account for error, so 95% confidence intervals are
not shown. ......................................................................................................................... 61
Figure 15. Maps of Bligh Sound displaying 3-D shape fabric domains based on
results from Rf/ɸ analyses. Nadai-Hsu plots are color coded to show which samples
fall in each domain. A. Map with domains based on shape fabric symmetry.
Structural measurements included in this map because the cross section in figure
21 is based on this map. In addition to the four domains, the boundary between
prolate and oblate fabrics is traced with a thick black line. Results show NNW-SSE
trending band of oblate fabrics, dominated by S>L shaped fabrics in the middle of
Bligh Sound with a domain of S>>L fabrics in the northern portion of oblate
domain. B. Map with domains based on shape fabric magnitude. Results show NS trending band of high strain fabrics in the middle of Bligh Sound, roughly
paralleling oblate domain in A, bordered by lower strain fabrics..................................... 72
Figure 16. Maps of Bligh Sound displaying 3-D shape fabric domains based on
results from Fry analyses. Nadai-Hsu plots are color coded to show which samples
ix

fall in each domain. A. Map with domains based on shape fabric symmetry. In
addition to the four domains, the boundary between prolate and oblate fabrics is
traced with a thick black line. Results show NNW-SSE trending band of oblate
fabrics, dominated by S>L shaped fabrics in the middle of Bligh Sound with a
domain of S>>L fabrics in the northern portion of oblate domain. B. Map with
domains based on shape fabric magnitude. Results show N-S trending band of high
strain fabrics in the middle of Bligh Sound, roughly paralleling oblate domain in A,
bordered by lower strain fabrics. ...................................................................................... 74
Figure 17. Maps of Bligh Sound displaying 3-D shape fabric domains based on
results from Intercept analyses. Nadai-Hsu plots are color coded to show which
samples fall in each domain. A. Map with domains based on shape fabric symmetry.
In addition to the four domains, the boundary between prolate and oblate fabrics is
traced with a thick black line. Results show NNW-SSE trending band of oblate
fabrics, dominated by S>L shaped fabrics in the middle of Bligh Sound with a
domain of S>>L fabrics in the northern portion of oblate domain. B. Map with
domains based on shape fabric magnitude. Results show N-S trending band of high
strain fabrics in the middle of Bligh Sound, roughly paralleling oblate domain in A,
bordered by lower strain fabrics. ...................................................................................... 76
Figure 18. Graphical comparison of lode’s parameter (shape fabric symmetry)
determined for each sample from all shape fabric analysis methods. A. Rf/ɸ and
Fry comparison. B. Rf/ɸ and Intercept comparison. C. Fry and Intercept
comparison. ....................................................................................................................... 82
Figure 19. Graphical comparison of shape fabric magnitude determined for each
sample from all shape fabric analysis methods. A. Rf/ɸ and Fry comparison. B.
Rf/ɸ and Intercept comparison. C. Fry and Intercept comparison. ................................... 83
Figure 20. Equal area lower-hemisphere projection stereonets showing orientations
of structural fabrics within domains determined from Rf/ɸ shape fabric analysis,
shown in figure 15. Representative foliation of each domain is determined by
choosing the foliation measurement within an area of high point density on the
stereonet (determined through Kamb contouring poles of foliations) that best fits
the mean vector of lineations for that domain. nS = number of foliations for each
domain, nL = number of lineations for each domain. All fabric progressions show
a general sinistral rotation of foliation and steepening of lineation, but the S>>L
domain shown in “B” deviates from this pattern with more shallowly dipping
foliation and plunging lineation. A. Stereonets showing fabric orientation
progression from prolate domain to oblate domain. B. Stereonets showing fabric
orientation progression throughout transition from L>>S to L>S to S>L to S>>L
domains. C. Stereonets showing fabric orientation progression throughout
transition from the low strain fabrics to moderate strain fabrics to high strain
fabrics. ............................................................................................................................... 89
x

Figure 21. Cross sections A-A’ and B-B’ from figure 15a showing structural fabric
orientations within shape fabric symmetry domains determined from Rf/ɸ analysis.
Note that foliations are shallower within and near the S>>L domain in the A-A’
cross section compared to those within the S>L domain in the B-B’ cross section. ........ 90
Figure 22. Photomicrographs from samples with syn-tectonic pyroxene aggregates.
A. Pyroxene grain with pyroxene tails within sample 18BS60. B. Cross-polarized
image of “A”. C. Pyroxene grain with pyroxene tails in sample 18BS33. D.
Boudinaged pyroxene aggregate in sample 18BS60. ....................................................... 95
Figure 23. Photomicrographs of samples with syn-tectonic hornblende.
Abbreviations are as follows: pyx = pyroxene, hbl = hornblende, opq = opaque
oxides. A. Pyroxene grain with hornblende tails from sample 18BS35. B. Pyroxene
aggregate with large hornblende tail in sample 18BS33. C. Pyroxene grain with tail
of both hornblende and an oxide in sample 18BS33. D. Hornblende corona forming
around pyroxene aggregate with a hornblende tail in sample 18BS35. E. Shear band
made of fine-grained hornblende and some oxides between two pyroxene
aggregates in sample 18BS35. .......................................................................................... 96
Figure 24. Photomicrographs of samples with syn-tectonic biotite. Abbreviations
are as follows: pyx = pyroxene, hbl = hornblende, bt = biotite. A. Biotite replacing
hornblende and oxide tail on pyroxene aggregate in sample 18BS69. B. Close-up
photomicrograph of a shear band in sample 18BS69. Adjacent fine-grained biotite
and hornblende coalesce into shear band. C. Overview image of sample 18BS64 to
show shear bands within sample. D. Overview image of sample 18BS33 captured
at same scale as image “C” for comparison- note that this sample does not have as
many shear bands as sample 18BS64 in image “C” and does not contain syntectonic biotite................................................................................................................... 97
Figure 25. Map of Bligh Sound showing which samples contain syn-tectonic
pyroxene, hornblende, and biotite. Map also shows prolate and oblate domains
divided into metamorphic domains based on dominant syn-tectonic mineral phases
within samples. The prolate domain has exclusively syn-tectonic pyroxene, the
northern oblate domain contains syn-tectonic hornblende and relict syn-tectonic
pyroxene, and the southern oblate domain contains syn-tectonic biotite as well as
relict syn-tectonic hornblende and pyroxene. There is no oblate sample control
within the central oblate domain, so it is assumed to be a transition zone between
the northern oblate and southern oblate domains. Samples 18BS27 and 18BS29
both contain syn-tectonic biotite, deviating from the other northern oblate samples,
but this is likely due to these samples having hornblende as the dominant primary
igneous mafic phase instead of pyroxene. Because of this, structural data from these
stations are excluded from the northern oblate metamorphic domain. ............................. 98
Figure 26. Photomicrographs showing plagioclase microstructures within our
samples. Abbreviations are as follows: Plag = plagioclase, exo = exsolution
xi

lamellae, blg = bulging, gbm = grain boundary migration, tj = triple junction, ox =
oxide. All images were captured with cross-polarized light. A. Two plagioclase
grains with potassium feldspar exsolution lamellae. Red box outlines where image
“C” came from. B. Image of anti-perthitic exsolution texture in plagioclase in
sample 18BS35A. C. Close up of plagioclase grain boundary from image “A”,
marked by red box in image “A”. Note bulging occurring between plagioclase. D.
Bulging occurring between plagioclase grains in sample 18BS27. E. Plagioclase
grain in sample 18BS35 that is outlined in red has experienced grain boundary
migration. F. Plagioclase grain in sample 18BS66 outlined in red has experienced
grain boundary migration. G. Rare triple junctions between plagioclase grains with
low internal strain suggest grain experienced recovery during deformation. H.
Oxide trains within plagioclase in sample 18BS35 similar to those described by
Garlick and Gromet (2004). Oxides are in a lens roughly parallel to foliation. Grains
are either partially or entirely engulfed by plagioclase, suggesting high mobility of
grain boundaries. ............................................................................................................. 105
Figure 27. Photomicrographs showing plagioclase that has experienced grain size
reduction adjacent to shear bands. GSR = grain size reduction. A. Image from
18BS69 showing biotite shear bands adjacent to pyroxene aggregate in plagioclase
matrix. B. Cross-polarized image of “A” to show grain size reduction of plagioclase
adjacent to shear bands. C. Image from 18BS46 with many biotite shear bands. D.
Cross polarized image of “C” to show grain size reduction of plagioclase adjacent
to shear bands. ................................................................................................................. 105
Figure 28. Diagrams used for determining vorticity parameters. A. Equal-area
lower hemisphere projection stereonet showing angular relationships between the
shear zone boundary, vorticity vector, vorticity normal section (VNS), pure and
simple shear vectors, lineations, and z-axes from oblate shape fabric ellipsoids.
Lineations are oriented obliquely to VNS, simple shear vector, and vorticity vector,
indicating that the GSSZ bears triclinic flow symmetry. B. Figure modified from
Dazcko et al (2001). This shows the angular relationships between the flow
apophyses (A1 and A2) and the maximum (XISA) and minimum (ZISA)
instantaneous strain axes for a sinistral shear zone. The SZB parallels A1. C. Chart
showing angles between all measured foliations and SZB along the VNS. We
choose a range of potential values for ϴmax of 26.5–44º, yielding a range of Wk
values, 0.8 < Wk < 1.0. .................................................................................................... 114
Figure 29. Block diagrams and stereonets showing how structural fabric
orientations progress throughout metamorphic evolution within the GSSZ. Initial
prolate fabric contains syn-tectonic pyroxene, indicating early granulite facies
deformation. When hydrous metamorphic reactions cause hornblende to react from
pyroxene, a new oblate fabric cuts across the initial pyroxene-dominated prolate
fabric. We suggest that a cross-cutting relationship between the oblate and prolate
fabrics exists based on cross-cutting lineations observed in sample 18BS66 (Figure
30) and the apparent dextral rotation of lineations that occurs between these two
xii

fabrics. Dextral rotation is in opposition to the bulk sinistral rotation of the GSSZ,
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on each raw fry plot are plotted based on the distances between the center points of
each ellipse and their relative orientations, forming a void in the center of each plot
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CHAPTER 1: INTRODUCTION
A majority of strain in the lower crust is localized into ductile shear zones (Fossen
and Cavalcante, 2017; Ramsay and Graham, 1970). Shear zone formation can occur at a
variety of scales, with some shear zones being less than a meter wide at the outcrop scale
and some being multiple kilometers wide, acting as boundaries between crustal blocks or
tectonic plates. Recent studies have found that deformation within the lower crust
accompanies cyclic periods of high flux magma emplacement into continental arcs (Cao et
al., 2015; DeCelles et al., 2009; Gordon et al., 2010; Haschke et al., 2006; Haschke et al.,
2002; Klepeis et al., 2016; Schwartz et al., 2017). Considering most lower crustal
deformation is localized into shear zones, this suggests that deformation within shear zones
could be responsible for the transfer of magma throughout the crustal section within
continental arcs, aiding in the emplacement of felsic to intermediate magmas (Chemale Jr
et al., 2012; De Saint Blanquat et al., 1998; Hutton and Reavy, 1992; Marcotte et al., 2005;
Rosenberg, 2004). Despite the importance of these features, the effect of composition and
metamorphism on strain accommodation and fabric development within shear zones is
poorly understood. Exposures of lower crustal shear zones are rare at the surface, making
field studies of structural, kinematic, and compositional evolution within lower crustal
shear zones difficult to accomplish.
In lieu of field studies of lower crustal shear zones, geologists have attempted to
predict the structural evolution of shear zones through numerical modeling since the mid
1980’s (Davis and Titus, 2011; Ghosh, 2001; Jones and Holdsworth, 1998; Jones et al.,
2004; Robin and Cruden, 1994; Sanderson and Marchini, 1984). Many of these models
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focus on the evolution of transpressional shear zones—shear zones that experience both
compressional and transverse deformation due to oblique convergence of tectonic plates
(Figure 1) (Harland, 1971; Sanderson and Marchini, 1984). Models of transpressional shear
zones are developed mainly to predict orientations of foliations and lineations, patterns of
strain localization, and the associated strain fabric shapes (i.e. prolate and oblate) that result
from deformation. Since Sanderson and Marchini (1984) developed the first model of
transpression (Figure 1), more complex models have been made to predict transpressional
fabrics that result from different flow geometries and boundary conditions. The main
parameter that these models typically do not account for is mineralogic evolution through
metamorphism. Given the high temperatures and pressures that the deforming material
experiences in a lower crustal shear zone, metamorphism is expected, especially if magma
and fluids are being transferred through the shear zone during deformation. Depending on
the metamorphic reactions occurring, the production of new minerals could result in strain
softening and strain localization (Beach, 1980). Despite the impact that metamorphism may
have on structural fabric development and strain accommodation, no models of
transpression have been developed to predict the interplay among these parameters.
This study aims to assess the relationships among structural fabric evolution, strain
accommodation, and metamorphism within a natural example of a lower crustal shear—
the George Sound Shear Zone (GSSZ) within Fiordland, New Zealand. The transpressive
GSSZ exposure at Bligh Sound cuts across the lithologically homogeneous Worsley Pluton
(Figure 2) (Allibone et al., 2009). In this study, we perform three analyses using structural
data and oriented samples collected from Bligh Sound to determine the interplay between
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metamorphism and shear zone evolution: (1) 3D strain analysis, (2) structural fabric
analysis, and (3) petrographic analysis. We perform 3D strain analysis on oriented samples
to assess spatial changes in strain magnitude and strain fabric shape across the GSSZ. We
employ structural fabric analysis on foliation and lineation orientation data to determine
how foliations and lineations rotate across a strain gradient within the GSSZ. We use
petrographic analysis on thin sections to understand the metamorphic history of the
Worsley Pluton by determining syn-kinematic minerals and deformational microstructures
within mafic aggregates and the plagioclase matrix. After performing these analyses and
interpreting their results individually, we combine results from the three analyses to
interpret how strain accommodation, structural fabric orientation, and metamorphism
affected each other throughout the course of deformation. Specifically, we aim to
characterize the influence that metamorphism has on structural evolution and see whether
our results align with numerical models of transpression that do not take metamorphism
into account. Additionally, we determine kinematic parameters related to vorticity and flow
geometry (vorticity normal section and vorticity vector orientations, kinematic vorticity
number (Wk), apparent shear sense) to describe GSSZ deformation.
Building on the hypothesis that metamorphic hydration reactions can result in strain
softening, we test the idea that samples containing hydrous metamorphic minerals
accommodated more strain than samples that do not bear these minerals. Additionally, we
evaluate whether or not the degree of strain softening during metamorphism is dependent
on the specific minerals that are produced from these reactions. Our results show that
higher strain rocks within the GSSZ contain syn-kinematic hydrous metamorphic minerals
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while lower strain rocks do not contain these mineral phases, suggesting that
metamorphism may have influenced strain localization within the GSSZ.
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Figure 1. Model of monoclinic transpression from Czeck and Hudleston (2003) in the style
of Sanderson and Marchini (1984). Deformation includes both a simple shear and a pure
shear component. The simple shear component controls fabric orientation in early stages
of deformation, resulting in horizontal lineations, and the pure shear component controls
fabric orientation in late stages of deformation, resulting in a switch to vertical lineations.
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Figure 2. Map of northern Fiordland highlighting the Worsley Pluton, the George Sound
Shear Zone (GSSZ), the Indecision Creek Shear Zone (ICSZ), and Bligh Sound. Inset
shows map relative to New Zealand—blue highlight is Fiordland, black box is this map.
Fourteen samples used in this study come from the margins of Bligh Sound (highlighted in
red). The specific locations of these samples within Bligh Sound are shown in figure 5.
Two additional samples (19HB89B and 19HB85D) were collected from the edge of the
Worsley Pluton by Keith Klepeis and Peter Lindquist during a field season in January 2019.
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CHAPTER 2: LITERATURE REVIEW
2.1. Geologic Background
The various lithologic units and deformational structures exposed in Fiordland,
New Zealand formed along the portion of the Gondwanan-Panthalassan margin that would
later become the continental mass Zealandia after the break-up of Gondwana (Figure 3)
(Mortimer, 2004; Mortimer, 2008; Mortimer et al., 2017). Obliquely contractional
tectonism along the Gondwanan-Panthalassan margin resulted in periods of episodic arc
magmatism, which occurred during the Devonian–Carboniferous, Triassic, and Early
Cretaceous (Allibone et al., 2009; Mortimer and Campbell, 2014). The Early Cretaceous
magmatic event resulted in the largest volume of magma emplacement throughout the
history of the arc and was synchronous with the formation of transpressive shear zones
throughout the entire crustal section (Klepeis et al., 2004; Mortimer and Campbell, 2014;
Schwartz et al., 2017). The GSSZ and the Worsley Pluton formed during this period of
Early Cretaceous deformation and magmatism (Allibone et al., 2009; Klepeis et al., 2004).
The goals of this section are to give a brief overview of the geologic history of Fiordland,
to put the GSSZ and the Worsley Pluton into their overarching geologic context, and to
explain previous work that has been done on the GSSZ and the Worsley Pluton.
2.1.1. Overview of Fiordland Tectonics
In Fiordland, plutonic rocks that intrude into Paleozoic metasedimentary terranes
record pulses of lower crustal arc magmatism along the Gondwanan-Panthalassan margin
between approximately 375–110 Ma and constitute the 10,200 km2 Median Batholith
(Figure 3) (Mortimer, 2004; Mortimer, 2008; Mortimer et al., 1999). Magmatism was
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active from the mid-Paleozoic to the Late Cretaceous, but magmatism was not steady state.
A period of high flux magmatism occurred between 128–114 Ma (Schwartz et al., 2017),
resulting in the emplacement of the Western Fiordland Orthogneiss (WFO) into the lower
crust. The WFO is a sequence of seven plutons with similar ages and geochemical
signatures. The Worsley Pluton is oldest and the northernmost WFO pluton (Allibone et
al., 2009). This type of high flux magmatism is common throughout continental arcs and
is responsible for the emplacement of a majority of magma into the upper crust within these
Cordilleran settings (DeCelles et al., 2009).

Figure 3. A reconstruction of Gondwana at ~ 120 Ma, modified from Mortimer (2008).
Plutonic rocks now exposed in Fiordland resulted from continental arc magmatism from
Panthallassan plate subducting underneath Gondwanan plate. These rocks constitute the
Median Batholith. PNG = Papua New Guinea.
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Transpressive deformation occurred contemporaneously with the emplacement of
the WFO forming ductile shear zones in the lower and middle crust that crosscut the plutons
of the WFO. One of these shear zones is the GSSZ, which crosscuts the Worsley Pluton.
The Worsley Pluton was emplaced between 124 ± 1 (2σ standard deviation) –121.8 ± 1.7
(2σ standard deviation) Ma (Hollis et al., 2004; Tulloch, 2003), while GSSZ deformation
lasted between at least 121.7 ± 4.2 (2σ standard deviation) –107.6 ± 1.5 Ma (Marcotte et
al., 2005; J. Schwartz, 2019, personal commun.). The Gondwanan-Panthalassan margin
records a switch to an extensional regime at ~106 Ma (Schwartz et al., 2016). This lead
to the formation of extensional shear zones in the lower crust, the separation of Zealandia
from Australia and Antarctica, and, ultimately, sea floor spreading and the opening of the
Tasman Sea at 83 Ma (Gaina et al., 1998; Klepeis et al., 2016).
Oblique convergence along the Australian-Pacific plate boundary during the
Miocene resulted in the subduction of oceanic crust at the Puysegur trench and the
formation of the 850 km-long Alpine Fault (Barnes et al., 2005; Christoffel and Van Der
Linden, 1972; Davey and Smith, 1983; Sutherland et al., 2000; Sutherland and Norris,
1995; Wellman and Willett, 1942). This convergence aligns with the exhumation of deep
crustal rocks throughout Fiordland. Rapid exhumation first occurred in southwest
Fiordland at 25–15 Ma and then broadened and migrated to the northeast at 15–5 Ma,
ultimately resulting in 12–15 km of uplift (Sutherland et al., 2009). This exhumation was
facilitated by the formation of reverse faults along reactivated crustal boundaries that
experienced magmatism and shear zone formation from the Carboniferous to the
Cretaceous (Klepeis et al., 2019). Deeper crustal depths of the Cretaceous magmatic arc
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are exposed in northern Fiordland and shallower crustal depths are exposed in southern
Fiordland (Klepeis et al., 2019). The main exposure of the GSSZ cutting across the Worsley
Pluton is located within Bligh Sound in Fiordland.
2.1.2. Previous Work on the WFO, the Worsley Pluton and the GSSZ
Granulite facies metaplutonic rocks were first discovered in Fiordland in 1939
(Turner, 1939). Wood (1960) was amongst the first to create general geologic maps of the
Fiordland area, and Oliver (1976, 1980) was the first to describe some of these rocks in
detail, specifically in Doubtful Sound. Oliver and Coggon (1979) attempted to fit these
findings into a subduction-based tectonic model. Following this, detailed mapping,
geochemical studies, and U-Pb zircon dating were conducted on the granulite and
amphibolite facies plutons throughout Fiordland and the rocks were named the Western
Fiordland Orthogneiss (Bradshaw, 1985, 1990; Bradshaw, 1989b; Mattinson et al., 1986;
McCulloch et al., 1987).
The Worsley Pluton was officially named by Allibone et al. (2009), but prior
research on the mineralogies and metamorphic histories of the WFO can also be applied to
the Worsley Pluton. Bradshaw (1990) was the first to describe the compositions and
textures of the rocks at Bligh Sound. In his paper from 1990, Bradshaw describes
characteristic mineral assemblages and textures that are pervasive throughout the entire
WFO. Bradshaw (1985, 1990) mentions that undeformed portions of the WFO contain
relict igneous clinopyroxene + orthopyroxene + plagioclase assemblages, based on the
presence of coarse, euhedral grains of pyroxene and plagioclase. A granulite facies, twopyroxene assemblage that appears to be recrystallized from the igneous assemblage is
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common throughout the WFO. Bradshaw (1985, 1990) attributes this assemblage to
deformation that initiated soon after the emplacement of the WFO. Observations of
foliation-parallel ultramafic intrusions of hornblendite and pyroxenite within the WFO
were used to suggest that emplacement of the WFO was synchronous with regional
deformation (Bradshaw, 1989a, 1990). Thermobarometric studies from the Lake Grave
locality of the Worsley Pluton suggest that this granulite recrystallization occurred at
pressures between 6 and 11 kbar (Daczko and Halpin, 2009).
Garnet reaction veins that cross cut the granulite facies two-pyroxene bearing
fabrics suggest pressure continued to increase after the formation of the granulite facies
assemblage (Blattner, 1976, 1978). Thermobarometric studies of these veins suggest that
pressures increased to 12–14 kbar (Bradshaw, 1989a; Clarke et al., 2000; Daczko and
Halpin, 2009). Despite this pressure increase, the presence of these veins are localized
exclusively to the northernmost portion of the WFO (Allibone et al., 2009; Bradshaw,
1990), suggesting that the earlier granulite facies fabric was mostly metastable even at
higher pressure metamorphic conditions.
In areas where deformation is localized into ductile shear zones, the pervasive
granulite facies two-pyroxene assemblage is commonly retrogressed to a hydrous,
amphibolite facies assemblage (Bradshaw, 1990). The structures associated with this
assemblage overprint garnet granulite veins (Bradshaw, 1989a; Klepeis et al., 2004),
implying retrogression to this assemblage occurred after the WFO experienced highpressure metamorphic conditions. Bradshaw (1990) mentions that the shoreline of Bligh
Sound is an ideal place to view these recrystallized fabrics. He found that the primary
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minerals within this retrogressed assemblage are orthopyroxene + clinopyroxene +
plagioclase + hornblende ± Mg-biotite + exsolved ilmenite and hematite + magnetite.
Oliver (1980) described similar retrogressed mineral assemblages in the Doubtful Sound
area and suggested that they are a result of the hydration of pyroxene and plagioclase
bearing granulite facies rocks. Given the spatial relationship between retrogressed
amphibolite facies assemblages and ductile shear zones, Bradshaw (1985, 1990) suggests
a link between deformation and metamorphism resulting from fluid migration.
The George Sound Shear Zone (GSSZ) was first identified by Klepeis et al. (2003)
and named by Klepeis et al. (2004). This structure cuts across the Worsley Pluton, and was
originally distinguished by a 4–10 km band of N-NE striking, steeply dipping, high strain
fabrics (Klepeis et al., 2004). Local mylonitization is present throughout the GSSZ.
Mineral assemblages within this structure were identified as amphibolite facies
assemblages that had retrogressed from granulite facies two-pyroxene assemblages.
Additionally, Klepeis et al. (2004) noted that garnet granulite facies assemblages are
recrystallized within this structure, indicating that deformation continued within the GSSZ
after peak metamorphism. These observations align with the observations made by
Bradshaw (1985, 1989) that retrogressed amphibolite facies assemblages commonly occur
within ductile shear zones that post-date garnet granulite facies conditions.
Detailed kinematic analysis of the GSSZ has not been performed as the majority of
the GSSZ exposure is within Bligh Sound, a locality that is difficult to access. Additional
mapping of the GSSZ was done during the QMAP program established by GNS Science
(Turnbull et al., 2010), but this is was mainly to approximate boundaries of the GSSZ and
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average orientation of fabrics within it. Despite little work being done on the detailed
kinematics of the GSSZ, its kinematics have been inferred to be similar to the Indecision
Creek Shear Zone (ICSZ), a shear zone located farther east and north (Figure 2). These two
shear zones have been correlated based on similar cross-cutting relationships, foliation
orientations, and steepening of lineations (Klepeis et al., 2004). Marcotte et al. (2005)
studied the kinematics and evolution of the ICSZ, revealing that the ICSZ displays sinistral
rotation of foliation, a steepening of foliations and lineations as strain increases, and
records arc-normal shortening throughout its history. If the GSSZ and the ICSZ can be
correlated, we expect to find similar kinematic characteristics within the GSSZ.

2.2. Shear Zone Anatomy
Shear zones are bands of concentrated ductile deformation in which strain is higher
than in the adjacent wall rocks (Fossen and Cavalcante, 2017). The symmetry, shape,
intensity, and orientation of the fabrics that form within shear zones are highly variable and
depend on several variables. These variables include, but are not limited to, the rheology
of the deforming material (Czeck et al., 2009), the relative contributions of the pure and
simple components of shear (Fossen and Tikoff, 1998), the symmetry of deformation
(Czeck and Hudleston, 2003; Lin et al., 1998, 2007), and the deformational regime
involved (Sanderson and Marchini, 1984). Geologists who study shear zones have
attempted to define the parameters that govern deformation to be able to categorize shear
zones and to be able to compare them. Fossen and Cavaclante (2017) provide an excellent
overview on the defining characteristics of shear zones. The goal of this section is to
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provide background knowledge on shear zone kinematics and strain accommodation that
will be determined about the GSSZ.
2.2.1. Transpression and Transtension
Many natural examples of shear zones exhibit deformations that deviate from
exclusively contractional, extensional, or strike-slip regimes (Bailey et al., 2004; Czeck
and Hudleston, 2003; De Saint Blanquat et al., 1998; Giorgis et al., 2017; Goodwin and
Williams, 1996; Harland, 1971; Klepeis et al., 2004; Lin and Jiang, 2001; Marcotte et al.,
2005; Massey and Moecher, 2013). Shear zones that deviate from these end-member
regimes are either transpressional or transtensional (Harland, 1971; Sanderson and
Marchini, 1984). Transpression and transtension result from a combination of strike-slip
motion and either compressional or extensional motion, respectively. Harland (1971) first
coined these terms and described the phenomenon of oblique convergence and oblique
extension between plates on a sphere as inevitable. Considering the likelihood of oblique
plate motion, most shear zones are described as transpressive or transtensional, as opposed
to being described simply as contractional, extensional, or strike-slip. Oblique plate motion
indicates that deformation usually is a response to both simple shear and pure shear
components. Because two components of shear affect the deformation, the angular
relationship between the pure and simple shear vectors and the relative contributions of
these types of shear greatly influence the types of fabrics that develop in shear zones. The
angular relationships between the pure and simple shear vectors classify the flow symmetry
of a shear zone, while the relative contributions of these types are described by the vorticity
of a shear zone. Various numerical models of transpression and transtension have been
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made to show how varying these shear parameters affects fabric development within shear
zones.
Comparing the evolution of fabrics within natural examples of shear zones to the
fabric evolutions predicted by these numerical models is one of the simplest methods to
determine if a shear zone is transpressional or transtensional. In general, transpressional
shear zones exhibit lineations that either progressively or instantaneously steepen as strain
increases (Czeck and Hudleston, 2003; Jiang and Williams, 1998; Lin et al., 1998, 2007;
Sanderson and Marchini, 1984), while transtensional shear zones commonly exhibit
shallow, sub-horizontal lineations (Dewey, 2002). Previous work has established that
lineations progressively steepen within the GSSZ (Klepeis et al., 2004), indicating that the
GSSZ is likely transpressive. For the sake of clarity, the shear zone models and parameters
discussed in the following paragraphs will be in reference to transpressive deformation.
2.2.2. Shear Zone Kinematics: Flow Symmetry and Vorticity
The angle (φ) between the horizontal component of pure shear (ε̇a) and the direction
of simple shear (γ̇) along the shear zone boundary defines the flow symmetry of a shear
zone (Figure 4). Figure 4 displays block diagrams that show three types of flow
geometries– monoclinic simple shear, monoclinic transpression, and triclinic transpression
(Jiang and Williams, 1998; Lin et al., 1998, 2007). Monoclinic simple shear is not
transpressive, as it does not include a component of pure shear. This type of deformation
is included here for comparison of fabric development in monoclinic transpression. When
ε̇a and γ̇ are either parallel or perpendicular (φ = 0 or φ = 90), the shear zone is considered
to be monoclinic. When ε̇a and γ̇ are not parallel or perpendicular (0 < φ < 90), the shear
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zone is considered to be triclinic. The evolution of structural fabrics (foliations and
lineations) that result from transpression will vary depending on the flow symmetry. The
stereonets in figure 4 show predicted fabric orientations as strain increases for the three
models presented (monoclinic simple shear, monoclinic transpression, and triclinic
transpression).
In monoclinic simple shear, lineations fall along the vorticity normal section
(VNS) and rotate towards the simple shear vector as strain increases. A similar
progression of lineations results from monoclinic transpression, but lineations
immediately switch from horizontal to vertical at certain strain threshold. This switch to
vertical is because of the addition of a pure shear component—pure shear accumulates
strain more efficiently than simple shear due to the coaxiality of the instantaneous strain
axes and the finite strain axes within this shear regime (Pfiffner and Ramsay, 1982;
Tikoff and Fossen, 1995). A steepening of lineations results from triclinic transpression
as well, but the steepening is progressive (Figure 4). These general patterns of lineation
orientations are useful as they can be used to identify the flow geometries of natural shear
zones. Lineations that progressively rotate into the shear zone boundary and steepen are
indicative of triclinic transpression, while horizontal lineations that rotate along the VNS
and immediately switch to vertical are indicative of monoclinic transpression.
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Figure 4. Models of transpression modified from Lin et al. (2007). Symbols: γ̇ = simple
shear strain rate, ε̇ = pure shear strain rate, φ = angle between γ̇ and ε̇a, W = rotational
vorticity vector, VNS = vorticity normal section, HSZB = high strain shear zone boundary,
Ls = stretching lineation, ┴S = pole to foliation. A. An undeformed block. B. A close up
of a portion of undeformed material from A. C. Block from B deforming by monoclinic
simple shear. D. Block from B deforming by monoclinic general shear (transpression). E.
Block from B deforming by triclinic transpression. Note that φ ≠ 0 or 90, and the VNS and
W are inclined. F – H. Stereonets showing fabric progression throughout deformations “C
– E”. Foliation rotates into parallelism with HSZB for all three cases, lineations steepen for
both cases of transpression. Numbers in “H” represent different γ̇ / ε̇ ratios.
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In addition to the orientations of pure and simple shear directions, Figure 4 displays
the orientations of the vorticity vector and the vorticity normal section for each type of
flow symmetry. Within a shear zone, the vorticity vector is the rotational vector about
which material flows and the VNS is the flow plane oriented perpendicular to the vorticity
vector (Figure 4). The VNS is the plane of maximum asymmetry and is the plane which
contains both the simple and pure shear vectors. The vorticity vector is always oriented
parallel to the shear zone boundaries and perpendicular to the simple shear vector (Figure
4).
It has been common throughout the geologic literature to assume that the plane
perpendicular to foliation and parallel to lineation, or the XZ plane, is the plane of
maximum asymmetry, therefore many have assumed that this plane is also parallel to the
VNS (Lin et al., 1998). Recent studies have shown that this assumption does not hold true
for three-dimensional, triclinic deformation (Díaz-Azpiroz et al., 2018) and calls for new
methods of determining the VNS orientation. A variety of methods have been proposed for
this, such as using the orientations of oblate rigid objects within a shear zone (Giorgis et
al., 2017) and cutting multiple sections of different orientations from a sample to find the
sample that displays maximum asymmetry (Toy et al., 2012). Identifying the orientation
of the vorticity vector and the VNS are useful, as the simple shear direction is oriented
parallel to the intersection between the VNS and the shear zone boundary (Díaz-Azpiroz
et al., 2018). Therefore, the orientations of the VNS and the shear zone boundary can be
used to find the direction of shear.
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Another parameter for defining the flow within a shear zone is the kinematic
vorticity number (Wk)–a number that represents the relative contributions of simple shear
and pure shear (Truesdell, 1953). Considering transpressive deformation involves both
simple shear (purely non-coaxial flow) and pure shear (purely coaxial flow), assessing the
relative contributions of these shear regimes is important for describing the kinematics of
a shear zone and has a direct impact on fabric type and geometry (Fossen and Tikoff, 1998;
Platt and Behrmann, 1986). Wk is expressed as a value between zero and one, which
represents the pure and simple shear endmembers of deformation, respectively. The
relationship between the simple shear and pure shear components is nonlinear—a shear
zone is considered to be “pure shear dominated” if Wk < 0.81 and “simple shear dominated”
if Wk > 0.81 (Fossen and Tikoff, 1993; Tikoff and Fossen, 1995). Deformation is biased
towards pure shear as the pure shear component of deformation accumulates strain more
efficiently due to the coaxiality of the instantaneous strain axes and the finite strain axes in
this deformation regime.
Several methods of determining Wk from deformed rock fabrics have been
developed, including utilizing tailed porphyroclasts (Jessup et al., 2007; Passchier, 1987;
Simpson and De Paor, 1993, 1997), deformed veins and dykes (Passchier, 1990), oblique
quartz c-axes and grain shape orientations (Wallis, 1995), and orientations of finite strain
ellipsoids (Fossen and Tikoff, 1993; Tikoff and Fossen, 1995). Xypolias (2010) provides
an excellent overview on the theory and application of all of these methods. Choosing a
method of vorticity analysis is highly dependent on the datasets available for each study.
In our case, we utilize the method proposed by Wallis (1995) in the manner of Dazcko et
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al. (2001), in which oblique foliations at the edges of shear zones are used to approximate
the orientations of the instantaneous strain axes. This method will be discussed further in
Section 5.1.3 of this paper.

2.3. Strain Analysis Background
Strain analysis is used to quantify the shape of rock fabrics within a rock sample,
defined by the rock’s foliation and lineation, in order to assess the amount of deformation
that the sample has experienced. Strain analysis methods were originally developed to
quantify strain in two dimensions (Dunnet, 1969; Fry, 1979; Lisle, 1985), but these
methods have been expanded upon to quantify strain in three dimensions (Gendzwill and
Stauffer, 1981; Milton, 1980; Oertel, 1978; Owens, 1984; Ramsay, 1967; Robin, 2002;
Shao and Wang, 1984; Shimamoto and Ikeda, 1976). When performing 2D strain analysis,
a rock fabric is represented by a strain ellipse defined by two perpendicular strain axes,
while in 3D strain analysis, a rock fabric is represented by a three-dimensional strain
ellipsoid defined by three mutually perpendicular stain axes.
Multiple methods of determining 2D strain of rocks by using have been developed
since the 1960s (Dunnet, 1969; Fry, 1979; Lisle, 1985). These methods utilize strained
objects within rocks whose pre-deformational shape is already known, such as fossils,
sedimentary structures, or grains within metamorphic rocks (Lisle, 1985). Finding a 3D
fabric ellipsoid involves using these 2D strain methods on three differently oriented faces
(ideally, the three mutually perpendicular planes defined by the three strain axes) to
determine three 2D strain ellipses, which are then combined to find the best-fit 3D ellipsoid
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(Gendzwill and Stauffer, 1981; Milton, 1980; Oertel, 1978; Owens, 1984; Ramsay, 1967;
Robin, 2002; Shao and Wang, 1984; Shimamoto and Ikeda, 1976).
Ellipsoids determined from strain analysis can be defined by two unitless
parameters—octahedral shear strain (ε) (Gay, 1969; Nádai and Hodge, 1963) and Lode’s
parameter (ν) (Lode, 1926). Octahedral shear strain is a measure of the amount of strain
accommodated by an ellipsoid and will be referred to as “strain magnitude” throughout this
document. Lode’s parameter is a value that ranges between -1 and 1 and represents the
shape of an ellipsoid. Perfectly prolate ellipsoids have a Lode’s parameter of ν = -1 and
perfectly oblate ellipsoids have a Lode’s parameter of ν = 1. Both the strain magnitude and
Lode’s parameter of an ellipsoid are calculated from the axial ratios of the three strain axes
of the ellipsoid. The equations used to determine strain magnitude and Lode’s parameter
are discussed in Gay (1969).
Ideally, ellipses and ellipsoids that are determined through 2D and 3D strain
analyses, respectively, represent the finite strain that a rock sample has experienced, but
this is not necessarily the case. By assuming that the ellipsoid that results from 3D strain
analysis represents the finite strain of a sample, one is assuming that the objects used to
calculate the strain record all of the strain that sample has experienced and that there was
no pre-existing fabric in the rock prior to deformation. A pre-existing fabric could be
caused by magmatic layering in plutonic igneous rocks, preferential orientation of platy
and elongate mineral grains during deposition in sedimentary rocks, or an earlier
deformation event. Considering we can only see the final product of deformation and
cannot fully know if there was a pre-existing fabric, we will use the term “shape fabric
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ellipsoid” instead of “strain ellipsoid” throughout the rest of this document to avoid making
this assumption.
Another common assumption is that strain markers within a sample are passive,
meaning that they record the same amount of strain as the matrix. If there is a competency
contrast between the matrix and the strain markers in a sample, then the strain
accommodated by these markers may differ from the whole rock strain (Czeck et al., 2009).
Multiple methods of strain analysis can be employed to determine if there is a competency
contrast within a rock—the Rf/ɸ method measures strain accommodated by strain markers
(Lisle, 1985), while the Fry method measures strain accommodated by the matrix (Fry,
1979). We discuss the strain analysis methods used in this study in Section 3.2.2 and
compare the methods in Section 3.2.4. We discuss the software programs used to employ
these methods in Section 3.2.3.
2.3.1. Strain Patterns in Transpression
Considering shear zones are areas of localized deformation, understanding where
and how strain is localized in these structures is crucial for understanding how strain is
accommodated in the lower crust as a whole. Numerical models of transpression predict
that strain magnitudes should be the highest at the center of the shear zone, and strain
fabrics should become progressively more oblate as strains increase (Czeck and Hudleston,
2003; Merle and Gapais, 1997; Robin and Cruden, 1994; Sanderson and Marchini, 1984).
Although these general patterns have been seen in natural examples of transpression
(Bailey et al., 2004; Czeck and Hudleston, 2003), there are likely more complex strain
accommodation patterns in natural examples that are not predicted by numerical modeling
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due to the simplified assumptions involved in numerical modeling. All current
transpressive models in the geologic literature assume that the deforming medium is
homogeneous, when a majority of lithologies have heterogeneous compositions. A recent
study has shown that pebbles of varying composition accommodate different amounts of
strain within metaconglomerates (Czeck et al., 2009), implying that variance in
composition has a direct impact on where strain is localized within a rock.
To complicate things further, metamorphism can change the composition and
rheology of the material throughout deformation and induce a switch in deformation
mechanism. Beach (1976, 1980) suggests that retrograde reactions that occur during
deformation of granulite facies rocks are mechanisms of strain softening and localization,
largely due to grain size reduction of originally coarse grains and the nucleation of
submicroscopic metamorphic minerals. Deformation by diffusion processes, which can
result in a significant drop in the strength of a material, is more likely to occur in fine
grained material (Rybacki and Dresen, 2004; Tullis and Yund, 1991). Therefore, grain size
reduction as a result of metamorphism could potentially lead to a switch from deformation
by dislocation creep to deformation by diffusion creep. If metamorphic reactions can both
alter the composition of a deforming material and lead to significant strain softening, this
indicates that metamorphism can greatly influence where strain is accommodated in the
lower crust. Since models of transpression do not take composition, metamorphism, and
deformation mechanisms into account, there is currently a lack of knowledge about how
these processes affect patterns in strain accommodation and fabric development within
transpressive environments. Studies employing strain analysis methods on natural
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examples of transpressive shear zones that also account for composition and
metamorphism are necessary to further our understanding of how these parameters affect
strain localization in these environments.
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CHAPTER 3. METHODS
3.1. Data and Sample collection
Field work was completed in Fiordland during January of 2018. Within Bligh
Sound, structural orientation data, mineral assemblages, and kinematic indicators were
documented at 61 stations (Figure 5). Twenty-four oriented samples were collected at this
locality, 14 of which were used for 3D shape fabric analysis. Additionally, two undeformed
Worsley Pluton samples from the outside of the GSSZ borders (Figure 2) were collected
for 3D shape fabric analysis in January of 2019. Thin sections were made from billets cut
parallel to lineation and perpendicular to foliation (Figure 6) of all samples to be used for
petrographic analysis. Structural orientation data were used for structural and kinematic
analysis.

3.2. 3D Shape Fabric Analysis
We performed 3D strain analysis on 16 samples from the Worsley Pluton to assess
patterns in strain accommodation both inside and outside the GSSZ boundaries. The sample
preparation processes, shape fabric analysis methods, and computer programs that were
used to find the 3D shape ellipsoids for these 16 samples are outlined below.
3.2.1. Sample Selection and Preparation
Performing strain analysis at the hand sample scale involves tracing the outlines
of several deformed strain markers. Tracing strain markers is traditionally done drawing
on tracing paper that is overlain on the sample or on a high-resolution image of the
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Figure 5. Map of Bligh Sound with all stations at which structural data was collected, all
locations at which samples for shape fabric analysis were collected, and the mineral
assemblages present within each sample. Standard mineral abbreviations from Whitney
and Evans (2010)
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sample. To be able to effectively trace strain markers at the hand sample scale, oriented
samples selected for strain analysis need to be coarse grained enough so that strain
markers can be easily observed and traced. Samples selected should be large enough so
that at least 30 mineral aggregates could be traced on each cut face after trimming the
sample, as 30 aggregates is the minimum sample size for the Rf/ɸ method of strain
analysis. Appropriate sample sizes for each strain analysis method will be discussed
further in Section 3.2.3.
Samples were cut into cubes (Figure 5), with each side being between 5 and 10 cm,
in order to expose three approximately mutually perpendicular faces to perform 2D strain
analysis on. Samples were cut along the principal strain axes to expose the XY, YZ, and
XZ planes for strain analysis, assuming that the dominant lineation is parallel to the
maximum strain axis, X, and that the pole to foliation is parallel to the minimum strain
axis, Z. Cutting along these axes is not necessary for accurate calculation of the strain
ellipsoid, as the only requirement for determining the strain ellipsoid is that the faces are
roughly mutually perpendicular no matter what their orientations are relative to the
principal strain axes. Although it is not necessary, cutting along the principal strain axes
allows for easier visualization of the foliation and lineation within a sample for general
fabric classification. Once cut, orientation marks were transferred to the cut face that most
closely matched the orientation of the rough face that was oriented in the field. If none of
the three cut planes were oriented similarly to the oriented surface, the oriented surface was
left uncut or a new surface was cut parallel to the oriented surface.
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3.2.2. 2D Strain Analysis Methods
Three methods of 2D strain analysis were employed on each cut surface of our 16
shape fabric samples: the Rf/ɸ method, the Fry method, and the Intercepts method, the
results from which were then combined to create three 3D shape ellipsoids for each sample.
Each of these methods operate under different assumptions and involve different processes
of finding the shape ellipse of a sample. The Rf/ɸ and Fry methods were completed using
the software program EllipseFit (Vollmer, 2018) and the Intercept analysis was completed
using the software programs Intercepts2003 (Launeau et al., 2010) and Ellipsoid2003
(Robin, 2002).
The Rf/ɸ method
The Rf/ɸ method is traditionally a way of quantifying the finite strain that has been
accommodated by using elliptical, passive, non-preferentially oriented markers within a
rock sample (Dunnet, 1969; Lisle, 1985; Ramsay, 1967). In our case, this means measuring
the shape of mafic aggregates within our samples. This process involves tracing the shapes
of deformed markers within a single plane of a sample, fitting an ellipse to each traced
shape, finding the axial ratio of each ellipse (Rf), and finding the angle between the long
axis of each ellipse and an arbitrary line of reference (ɸ) set by the data collector. By
completing this process, the result is a population of Rf and ɸ data that is meant to be plotted
on a cartesian Rf/ɸ plot, with ɸ on the X-axis ranging from -90º to 90º and Rf on a
logarithmic scale on the Y-axis (Dunnet, 1969; Lisle, 1985; Ramsay, 1967). Methods
outlined by Lisle (1985) involve fitting plotted Rf/ɸ data to standardized curves in order to
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find the shape and orientation of the finite strain ellipse, but the representative fabric ellipse
can be found merely by calculating the averages of the Rf and ɸ data.
Borradaile (1984) found that results from Rf/ɸ analysis are the most accurate with
a population of 50–75 ellipses, and larger sample sizes do not greatly improve this. Due to
the number of mafic aggregates available on each face, we aimed to circle a minimum of
40 on each face. Our average sample size for this method was 48 aggregates per face. Other
studies have had success using the Rf/ɸ method with 30–40 ellipses (Devi and Sarma, 2010;
Kassem, 2015; Kassem and Abd El Rahim, 2010).
The Fry Method and the Enhanced Normalized Fry Method
The Fry Method looks at the distribution of center points of originally randomly
distributed objects within a matrix as a means of quantifying the strain that has been
accommodated by the matrix of a rock sample (Fry, 1979). In our study, this is measuring
the shape fabric of the plagioclase matrix within our samples. Instead of fitting ellipses to
deformed markers within a sample and quantifying their shape, as in the Rf/ɸ method, the
Fry Method involves finding the center points of objects within a matrix, assuming that
prior to deformation they had a uniform distribution, and plotting the distances between
these center points on a Fry plot. After marking the center points of all markers, plotting
these points on a Fry plot is done by marking a center point on a piece of tracing paper or
a transparent overlay which will serve as the center point of the Fry plot, moving this center
point to be on top of a center point of a specific marker, drawing the center points of the
other markers relative to the previously selected marker on the tracing paper, and repeating
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this process for each marker. What will result is a cloud of points that surrounds an elliptical
central void which represents the 2D shape fabric ellipse for that sample.
An assumption of the Fry method is that the objects you are recording are
approximately the same size. This is not the case for our study or many real geologic
applications. Within our samples, mafic aggregates range from millimeter-scale to
centimeter-scale in diameter. Even if objects within a rock are roughly the same shape and
size in three-dimensions, their true sizes may not be accurately represented in the twodimensional section required for strain analysis. The Normalized Fry method was
developed to account for this by dividing center-to-center distances of two objects by the
sum of their radii, effectively removing the influence of object size (Erslev, 1988;
McNaught, 1994). Normalizing center-to-center distances generally results in a clearer
central void space, yielding a more accurate finite strain ellipse.
In addition to the development of the Normalized Fry method, the more quantitative
Enhanced Normalized Fry was developed to automate central void detection to avoid
biased determination of the finite strain ellipse (Erslev and Ge, 1990). Automatic central
void detection is completed using a least-squares calculation to find the ellipse that best
fits the cloud of points surrounding the central void. There are a variety of central void
fitting methods (Vollmer, 2018b), and we found that the Enhanced Normalized Fry method
worked the best for our data.
Erslev and Ge (1990) mention that objective central void fitting using the Enhanced
Normalized Fry method works the best when ~200 objects are selected. Due to the number
of isolated aggregates on each face of our sample, selecting this number of aggregates per
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face was unrealistic. On average, we selected 88 aggregates per face. Although this number
is not ideal, other studies have selected between 50 and 100 aggregates for Fry analysis
and have received reliable results (Devi and Sarma, 2010; Treagus and Treagus, 2002).
Additionally, making sure that ellipses and ellipsoids determined from Fry analyses are
geologically feasible is a common way of testing the reliability of results if one does not
have a large sample size for Fry analysis (Genier and Epard, 2007). We compared
orientations of shape fabric ellipsoids determined from the Enhanced Normalized Fry
method to orientations of structural fabrics collected in the field and orientations of
ellipsoids determined from Rf/ɸ and Intercept analyses as a means of testing the reliability
of our results.
The Intercept Method
The Intercept method differs from the Rf/ɸ and Fry methods in the sense that it does
not involve selecting or outlining deformed markers to determine fabric shape. Instead, the
Intercept method determines the shape and orientation of a rocks fabric within a sample
that has mineral phases with distinct colors by looking at changes in grayscale values to
detect the boundaries of those mineral phases. Because mineral phase boundaries are
determined by looking for dramatic changes in grayscale value, this method only works for
samples that are made of mineral phases that are distinct in color. Considering our samples
have a plagioclase matrix with dark, pyroxene, hornblende, and biotite-bearing aggregates,
this method is used to automatically detect the boundaries between the light-colored
plagioclase matrix and the three dark colored phases.
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The Rf/ɸ and Fry methods measure the strain accommodated by the mafic
aggregates and the plagioclase matrix within our samples, respectively. Comparing the
results from the Rf/ɸ and Fry analyses will determine whether the mafic aggregates or the
plagioclase matrix accommodated more strain. Considering the Intercept analysis operates
without selecting specific aggregates, comparing results from the Intercept analyses to the
Rf/ɸ and Fry results will determine if our selection potentially overestimates or
underestimates strain. Understanding the variation in strain accommodation within a single
sample and how our sample selection affects those results could not be determined without
using multiple methods of shape fabric analysis.
3.2.3. Strain Analysis Software
We use three software programs to perform our shape fabric analyses: EllipseFit
was used for the Rf/ɸ and Fry analyses, and Intercepts2003 and Ellipsoid2003 were used
together for Intercept analysis. We describe the process of using these programs below,
and the general procedure for all three methods is outlined in figure 5.
EllipseFit
The Rf/ɸ and Fry methods were performed using the computer program EllipseFit
(Vollmer, 2018a, b). First, the orientation of the desired faces for strain analysis must be
determined, because the orientations of these planes are crucial for determining the
orientation of the resulting shape fabric ellipsoid. Once orientations of each face have been
recorded and strike and dip symbols correlating to these orientations have been drawn on
each face, high-resolution images of the three mutually perpendicular faces must be made
using a flatbed scanner. These scans can then be uploaded directly into EllipseFit.
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EllipseFit provides a both graphical interface with which to use tools to collect data from
your images and a spreadsheet that automatically populates with data as you collect it. The
polygon tool within the graphical interface allows one to trace the outline of a deformed
marker, and an ellipse is fitted to the traced outline. The axial ratio of the ellipse (Rf), the
angle between the long axis of the ellipse and the horizontal reference line (ɸ), and center
point coordinates of the ellipse is automatically added to the spreadsheet within EllipseFit.
The axial ratio and orientation data can then be used to perform Rf/ɸ analysis and the center
point coordinates can be used to perform Fry analysis.
One of the main advantages of performing these analyses using EllipseFit, as
opposed to the traditional method of tracing deformed markers and their center points by
hand, is that the software can calculate the representative shape ellipse from a population
of data while incorporating bootstrapping resampling techniques to determine 95%
confidence intervals for both the axial ratio and orientation of the representative shape
ellipse. Bootstrapping involves recalculating the representative shape ellipse of a dataset
many times but making slight perturbations to the data set for each recalculation (i.e.
removing one data point at random) to see how much the individual data points influence
the end calculation. The user has the option of choosing how many resamples they want to
be calculated, but we have found that the program default of 5000 resamples works well.
Determining the 95% confidence intervals when determining the representative shape
ellipse of a face allows us to know much error there is in our calculations.
After repeating this process for each of the three faces within one sample, the Rf
and ɸ values for each representative shape ellipse and the strikes and dips of each face can
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be used to calculate the 3D shape ellipsoid. EllipseFit allows for several methods of
ellipsoid calculation, but we used the calculation methods outlined by Robin (2002), as
these are the same calculation methods that are used for Intercept analysis. Additionally,
the three .CSV files that contain the bootstrapping resamples for each 2D strain analysis
can be included in this calculation so that bootstrapping can be employed to determine the
95% confidence intervals for the parameters that define the ellipsoid. The resulting
parameters that define the ellipsoid are the magnitudes, trends, and plunges of the principal
strain axes, X, Y, and Z. EllipseFit can display the ellipsoid data along with 95%
confidence intervals on both Nadai-Hsu plots and Flynn plots.
Intercepts2003 and Ellipsoid2003
The programs Intercepts2003 (Launeau et al., 2010) and Ellipsoid2003 (Robin,
2002) were designed to be used together to perform 3D fabric analysis utilizing the
Intercept method. Intercepts2003 is used to find 2D shape ellipses for the different faces
of a rock sample, while Ellipsoid2003 is used to combine these ellipses into a shape
ellipsoid. Similar to using EllipseFit, the first step of this process is to determine the
orientations of each face and to scan these faces to create high-resolution images of each
face. Upon loading one of these images into Intercepts2003, the image is converted into
grayscale and the user is presented with a histogram of the distribution of grayscale values
within the image. Considering our samples have two distinct mineral phases (white
plagioclase matrix and black mafic aggregates), the grayscale distribution is generally
bimodal. The user then must use this histogram to select the grayscale threshold that the
program will then use to define a mineral phase boundary. For example, if the two peaks
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of the bimodal distribution have a difference in grayscale value of around 50, then the user
would select the grayscale threshold to be 50. The program then marks the portions of the
image where the grayscale value quickly increases or decreases by at least 50. Once the
mineral phase boundaries are marked, the program uses these mineral phase boundaries to
approximate the representative shape ellipse of the image
Additionally, the user selects the number of sub-windows into which the image will
be divided. This essentially breaks up the image into smaller images of equal size to
perform this analysis on, resulting in a shape ellipse for different sections of the overall
image that are then averaged together to calculate an average shape ellipse for the entire
image.
Once this process is done for each face and a three mutually perpendicular shape
ellipses have been determined, the shape ellipses, along with the orientations of each face,
can be uploaded directly into Ellipsoid2003 to calculate the representative shape ellipsoid
of the sample. Ellipsoid2003 utilizes the same calculation methods that we used in
EllipseFit that are outlined by Robin (2002). This program outputs the same parameters as
EllipseFit to define the ellipsoid - the magnitudes, trends, and plunges of the principal
strain axes, X, Y, and Z. Additionally, Ellipsoid2003 outputs the strain magnitude and the
Lode’s parameter value to further define the ellipsoid shape and stretch.
3.2.4. Comparing Strain Analysis Methods and Programs
In this study, multiple methods of strain analysis were employed because they all
use different assumptions to determine the shapes of different aspects of the fabric.
Consequently, seeing how their results differ can give us more insight as to how the
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different mineralogies within the rock are deforming or how our data collection can affect
our results. Considering the Rf/ɸ method ideally captures the shape of passive markers
within a sample while the Fry method captures the shape of how objects are distributed
within the matrix, comparing the shape ellipsoids resulting from these analyses could
potentially reveal if the plagioclase matrix is mechanically different from the mafic
aggregates during deformation. The caveat of these methods is that they rely on data
selection from someone using the EllipseFit program, which could potentially result in
biased selection of aggregates or improper data collection in general. Considering the
Intercepts method determines mineral phase boundaries without someone selecting
individual aggregates, comparing the Intercept results to the Rf/ɸ and Fry results will show
if our selection process greatly influences the results of ellipsoid determination.
Unfortunately, 95% confidence intervals cannot be determined from the Intercept analyses
as bootstrapping has not been incorporated in Intercepts2003 and Ellipsoid2003, but it is
interesting to see if the Intercept results fall within the 95% confidence intervals determined
from the Rf/ɸ and Fry analyses. In depth comparisons between the results from each
method of analysis are discussed in Section 4.2.4
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Figure 6. Workflow for using the programs EllipseFit, Intercepts2003, and Ellipsoid2003
to perform shape fabric analysis using the Rf/ɸ, Fry, and Intercept methods
3.3. Structural and Kinematic Analysis
3.3.1. Structural Analysis
Foliation and lineation data were plotted using Allmendinger Stereonet 10.0
(Allmendinger et al., 2011; Cardozo and Allmendinger, 2013). These data were grouped
into strain domains based on the results from strain analysis. How this grouping was
determined and the resulting structural fabric patterns will be discussed in Section 4.
Representative foliation measurements for each grouping of data were determined through
Kamb contouring of poles to foliation. Kamb contouring is a method of analyzing the
spatial distribution of data on a stereonet by using a variable area counting circle that is
determined based on the number of points being contoured. (Cardozo and Allmendinger,
2013; Kamb, 1959) Within this circle, the program counts the distribution of points and
calculates how many standard deviations the distribution of points is from a uniform
distribution. Contours are then made based on these standard deviations within the dataset,
and areas with the highest point density will be more standard deviations away from a
uniform distribution. By using Kamb contouring on poles to foliation, we can see which
poles fell within the highest density contours to select representative foliation
measurements for each strain domain. Mean vector calculations (Fisher et al., 1993) were
performed on lineations to determine the average lineation orientation within strain
domains, and lineations that had orientations closest to this mean vector were selected as
being the representative lineations for their respective strain domains.
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Choosing representative foliations and lineations for each strain domain and
plotting these measurements on a stereonet allows us to see how foliation and lineation
orientations change as strain increases, helping us to determine the bulk kinematics and
strain symmetry of the GSSZ.
3.3.2. Kinematic Analysis
As previously mentioned, rotation of foliation and lineation were used to determine
the bulk kinematics and shear zone symmetry. Kinematic indicators in the field were also
used to determine shear sense and kinematics at the outcrop scale. Primary kinematic
indicators that were seen in protomylonitic to mylonitic rocks included pyroxene and
hornblende fish, S-C fabrics, and sigma-shaped tailed porphyroclasts.

3.4. Petrographic Analysis
Thin sections were cut from surfaces that are parallel to the XZ plane in all samples.
This enabled us to evaluate sense-of-shear indicators, mineral assemblages,
microstructures, deformation mechanisms, and syn-tectonic minerals within each sample.
All analyses were completed with a Wild M420 macroscope and a Nikon AZ100
microscope.
When looking at the mafic aggregates within our samples, we identified the
minerals that made up the aggregates and where they commonly occur within the
aggregates (i.e., which minerals form tails, which are cores) to determine changes in
mineral assemblage across our strain gradient. We also determined how these aggregates
deform using microstructures, including pinch-and-swell structures and shear bands.
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Within plagioclase, we looked for microstructures such as bulging, sub-grain
rotation (SGR), grain boundary migration (GBM), grain boundary area reduction (GBAR),
and grain-size reduction in order to understand temperatures of deformation within our
samples. These microstructures were also used to assess whether dislocation creep or
diffusion creep were the dominant deformation mechanisms within each sample. Antiperthitic exsolution lamellae were documented as a temperature gauge (Hokada, 2001).
Together, these petrographic observations were used to further understand how
metamorphic reactions influenced mineralogy and deformation mechanisms at the microscale and the macro-scale.
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CHAPTER 4. RESULTS
As mentioned in the introduction, the overarching goal of this study was to collect
four different datasets (field observations, 3D shape fabric analysis data, structural and
kinematic data, and petrographic observations) to see if patterns within these datasets
correlate spatially. We found that spatial patterns within each of our datasets parallel each
other, suggesting that strain accommodation, kinematics, metamorphism, and deformation
mechanisms are directly related within the GSSZ. Although this combined interpretation
is the ultimate goal, each dataset must be discussed and interpreted separately prior to this.
Each dataset is interpreted separately within this section, and these interpretations are
discussed conjunctly in the discussion (Section 5) to see how they are related. The
exception to this is that domains determined from shape fabric analysis were used to group
structural data for structural and kinematic analysis, because we needed some sort of basis
for determining a structural fabric progression. Regardless, the interpretations mentioned
within this section are purely structural. The full implication of how these datasets, as well
as the field and petrographic observations, are related is not discussed until Section 5.
4.1. Structure and composition of the GSSZ within the Worsley Pluton
In order to determine how the Worsley Pluton evolved compositionally and
structurally throughout GSSZ deformation, we document changes in lithology at all 61
stations within Bligh Sound, characterized the relative strain intensity, and collected
structural orientation data on all foliations and lineations. These field-based findings were
then used as a basis for our 3D strain, kinematic, macrostructural and petrographic
analyses.
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4.1.1. Composition: Mineral Assemblages throughout the Worsley
Allibone (2009c) classified the composition of the Worsley Pluton as ranging from
dioritic to monzonitic, with two-pyroxene diorite (cpx+opx+pl) dominating towards the
center of the pluton and hornblende dominating at the edges of the pluton (hbl+pl). Large
ultramafic pods of hornblendite and pyroxenite can be found throughout the Worsley
Pluton. Although our findings are in agreement with this general trend, the mineral
assemblages we found are dominantly metamorphic assemblages that are derived from
those igneous assemblages.
At Bligh Sound, we found three distinct mineral assemblages within the Worsley
Pluton: (1) plagioclase + hornblende + biotite + oxides ± quartz, (2) plagioclase +
orthopyroxene + clinopyroxene + hornblende + oxides ± quartz, and (3) plagioclase +
orthopyroxene + clinopyroxene + hornblende + oxides + biotite ± quartz (Figure 6). These
assemblages are metamorphic assemblages that evolved during different stages of GSSZ
deformation, with assemblage 1 being derived from the hornblende diorite found at the
edges of the pluton and assemblages 2 and 3 likely being derived from the two-pyroxene
diorite located in the central area of the pluton.
Mineral Assemblage 1: Plagioclase + Hornblende + Biotite + Oxides ± Quartz
Mineral assemblage 1 is the least prevalent of the mineral assemblages found within
our study area, as it is restricted to station 18BS27. Mineral assemblage 1 is defined by
mafic aggregates of fine-grained hornblende (Figure 7a) within a dominantly plagioclase
matrix (Figure 7b). Biotite is also present within this assemblage, occurring either at the
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edges of hornblende aggregates or in clusters within the plagioclase matrix (Figure 7c).
Minor quartz has been seen in the matrix in thin section, but this is not common (Figure
7d, 7e). Foliation-parallel pods and layers of ultramafic hornblendite are common in
outcrops with this mineral assemblage (Figure 7f).
Other studies on the different mineral assemblages of the entire WFO have
identified the opaque oxides within these rocks as dominantly ilmenite, hematite, and
magnetite (Bradshaw, 1990). The oxides within our samples are anhedral so they cannot
be distinguished based on crystal habit, but few have a reddish-brown core when viewed
in both PPL and XPL (Figure 7a), a characteristic which both ilmenite and hematite can
display. Few mafic aggregates within each sample are magnetic, indicating that magnetite
is present within our samples. These observations suggest that all three of these oxides are
present within our samples, but modal percentages of each cannot be determined due to
their similar appearances in thin section. We will simply refer to this group of minerals as
“oxides”, as the specific mineralogies do not affect the outcome of this study.
The main difference between mineral assemblage 1 and the other two is that
hornblende appears to be the primary mafic igneous phase within this assemblage, while
pyroxene is the primary mafic igneous phase within the other two assemblages. The biotite
is most likely metamorphic and could be derived from hydration of hornblende diorite (hbl
+ pl), as reported by Allibone (2009c). Biotite and quartz are common products of
retrograde hornblende hydration reactions when potassium is present in the metasomatic
fluid. This reaction is described in detail by Beach (1976, 1980). The mapping done by
Allibone (2009c) shows that the igneous hornblende + plagioclase assemblage is restricted
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to the edges of the Worsley Pluton. Mineral assemblage 1 is restricted to sample 18BS27,
the station from this study that is located the closest to the edge of the pluton, reinforcing
the interpretation that this assemblage is derived from an igneous hornblende + plagioclase
assemblage.
Mineral Assemblage 2: Plagioclase + Clinopyroxene + Orthopyroxene + Hornblende +
Oxides ± Quartz
A majority of the stations in the northernmost half of Bligh Sound are characterized
by mineral assemblage 2. This assemblage is defined by a plagioclase matrix with mafic
aggregates of mixed clinopyroxene and orthopyroxene, hornblende, and opaque oxides
similar to those described in assemblage 1 (Figure 8). Minor quartz is also present within
the matrix. Clinopyroxene and Orthopyroxene are the dominant mafic phases and make up
the majority of the mafic aggregates. Hornblende and opaque oxides are common as well
and occur with each other, but are mainly found at the edges of aggregates, within fractures
of the aggregates, or are dispersed into the matrix.
This mineral assemblage is interpreted to be a metamorphic assemblage resulting
from the hydration of the igneous clinopyroxene + orthopyroxene + plagioclase
assemblage found in undeformed portions of the central Worsley Pluton (Allibone et al.,
2009; Bradshaw, 1990). Hydration of the pyroxenes (clinopyroxene + orthopyroxene +
plagioclase + H2O = hornblende + quartz) produced the hornblende and minor quartz
present, and Fe from the pyroxenes most likely produced the oxides present (Beach, 1976;
Beach, 1980; Bradshaw, 1990; Spear, 1995).

44

Though this mineral assemblage is found within multiple samples, there is variation
in the modal percentages of the minerals within each sample. Samples 18BS42 and 18BS78
bear this mineral assemblage but contain less hornblende and opaque minerals compared
to samples 18BS33 and 18BS35 (Figure 8).
Mineral Assemblage 3: Plagioclase + Orthopyroxene+ Hornblende + Oxides + Biotite ±
Quartz
Mineral assemblage 3 is restricted to the southern portion of our study area and
contains all of the minerals described in mineral assemblage 2 with the addition of biotite.
This biotite occurs mostly with hornblende and the oxides at the edges of the mafic
aggregates, but individual grains and clusters of grains of biotite can be found dispersed
throughout the plagioclase matrix as well (Figure 9).
This mineral assemblage is also a metamorphic assemblage, and the hornblende,
oxides, and minor quartz are likely derived from the same reactions that produced mineral
assemblage 2. Additionally, the hydration reaction that produced biotite from hornblende
in mineral assemblage 1 likely produced the biotite in mineral assemblage 3 as well (Beach,
1976; Beach, 1980). The difference between the biotite producing reactions in these two
assemblages are the reactants. Biotite is produced from igneous hornblende in mineral
assemblage 1, while biotite is produced from metamorphic hornblende derived from
igneous pyroxene in mineral assemblage 3.
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Figure 7. Photomicrographs and outcrop images of mineral assemblage 1. Abbreviations
are as follows: Pl – plagioclase, hbl – hornblende, bt – biotite, opq – opaque oxides, qz –
quartz. All photomicrographs are from sample 18BS27. A. Photomicrograph showing
aggregates of fine-grained hornblende that characterize this mineral assemblage. Oxides
noted in the image have red-brown cores, suggesting they are ilmenite or hematite. B.
Cross-polarized image of “A” to show plagioclase matrix. C. Clusters of biotite within
plagioclase matrix. D. Image outlining metamorphic quartz within dominantly plagioclase
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matrix in plane-polarized light. E. Cross-polarized image of “D” to show quartz within
matrix. F. Outcrop image of station 18BS27 of foliation-parallel layer of ultramafic
hornblendite.
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Figure 8. Photomicrographs of samples bearing mineral assemblage 2. Abbreviations are
as follows: Pl – plagioclase, pyx – pyroxene, hbl – hornblende, opq – opaque oxides, qz quartz. A. Pyroxene aggregates with minor hornblende and oxides at their edges within
plagioclase matrix, sample 18BS42. B. Cross-polarized image of “A” to emphasize
plagioclase matrix. C. Pyroxene aggregates with hornblende and oxides at their edges
within plagioclase matrix, sample 18BS33. An asymmetric pyroxene aggregate showing
top-down-to-SW shear sense is in this image. Note that there are more hornblende and
oxides within this image compared to image A. D. Cross-polarized image of “C”. Quartz
is present in the matrix in this image, distinguished from plagioclase by straw-yellow
interference colors. E. Close-up view of a pyroxene aggregate in sample 18BS42. F. Crosspolarized image of “E”. G. Close-up view of a pyroxene aggregate in sample 18BS35. Note
that there are more hornblende and oxides within this image compared to image “E”. H.
Cross-polarized image of “G”.

Figure 9. Photomicrographs of samples bearing mineral assemblage 3. Abbreviations are
as follows: Pl – plagioclase, pyx – pyroxene, hbl – hornblende, bt – biotite, qz – quartz,
opq – opaque oxides. A. Image of pyroxene aggregates with hornblende, oxides, and biotite
occurring at their edges and within fractures. B. Cross-polarized image of A to emphasize
plagioclase matrix. Minor quartz present in matrix, distinguishable by straw-yellow
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interference colors. C. Close-up image of pyroxene aggregate in sample 18BS64 with
hornblende tails that show top-down-to-the-SW shear sense. D. Cross-polarized image of
“C”.
4.1.2. Relative Strain Intensity and Fabric Mapping
In order to determine a strain gradient across the GSSZ, we needed to be able to
characterize relative strain intensity at the outcrop scale. At each outcrop, we classified the
relative strain intensity as either “low”, “moderate”, or “high” criteria that are easy to
identify at the outcrop scale—fabric shape, degree of mylonitization, presence of consistent
shear sense indicators, and degree of plagioclase recrystallization (Figure 10). Below are
the criteria for each relative strain intensity category:
Low Strain Criteria
We classified rocks in our study area as “low strain” if they had a penetrative
gneissic foliation with a weak lineation, had an L-tectonite fabric, or had no tectonic fabric.
An important distinction between the foliated “low strain” rocks and the foliated “moderate
strain” and “high strain” rocks is that “low strain” rocks show no evidence of
mylonitization. Mafic clusters within these rocks show no asymmetry and plagioclase is
generally tabular, not recrystallized, and has not experienced grain size reduction.
Moderate Strain Criteria
We classified rocks within our study area as “moderate strain” if they had a strongly
foliated and lineated protomylonitic fabric. These rocks show some signs of asymmetry
within mafic clusters, mainly hornblende fish and sigma- tailed porphyroclasts, but these
shear-sense indicators are not pervasive throughout the entire outcrop and may not show
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consistency in the shear-sense direction. Plagioclase within these rocks have experienced
some recrystallization and grain size reduction and are no longer tabular.
High Strain Criteria
We classified rocks within our study area as “high strain” if they had a strongly
foliated and lineated mylonitic fabric. Many types of shear sense indicators are prevalent
throughout the fabrics of these rocks, including σ-tailed and δ-tailed porphyroclasts,
hornblende fish, and S-C fabrics. These shear sense indicators all show a consistent shear
sense direction. Plagioclase is recrystallized and has experienced gain size reduction to the
point that individual grains cannot be seen without a petrographic microscope.
Additionally, these high-strain mylonites may contain narrow (<1 meter) bands of very
high strain, ultramylonitic fabrics, such as at station 18BS46.
An important point about this strain intensity classification scheme is that these
qualifiers are supposed to represent relative changes in strain intensity as opposed to
absolute strain intensity. I clarify this because the rocks that we classified as “low strain”
are not unstrained rocks, they simply record the lowest strains within our study area due to
a lack of recrystallization and grain size reduction of plagioclase. These rocks may have
accumulated high strains while in the magmatic phase after emplacement, but this would
not have been recorded once the pluton crystallized. The moderate and high strain rocks
contain recrystallized plagioclase, indicating that they recorded higher strains than the low
strain rocks after the crystallization of the Worsley Pluton. The rocks that we have
classified as low strain in our study area could be considered high strain in another context
due to the penetrative tectonite fabric that defines most of them.
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Figure 10. Images from outcrops representative of the different categories of strain
intensity mapped in the field. A. Relatively low strain fabrics were defined by weak to
strong gneissic foliation with no asymmetry and L-tectonite fabrics. B. Moderate strain
gneissic fabrics were defined by protomylonitic textures with a penetrative foliation and
lineation. Foliation planes contain some asymmetric hornblende fish and tailed
porphyroclasts with inconsistent asymmetry and some plagioclase recrystallization. C.
Relatively high strain fabrics were defined by mylonitic fabrics with strong foliation and
lineation. Fabrics show consistent shear sense in hornblende fish, tailed porphyroclasts,
and S-C fabrics and plagioclase is recrystallized.
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Figure 11 shows the results of this fabric mapping. Rocks towards the eastern side
of our study area generally showed characteristics of our low strain classification, and rocks
become more mylonitized and strained as we traveled westward. Protomylonitic rocks
towards the northwestern portion of our study area, such as at stations 18BS27–18BS29,
served as evidence that the relative strain intensity likely decreases further to the west past
the southwest portion of our study area (i.e. stations 18BS65–18BS70). This decision led
us to map a NNW-SSE trending, ~2.25 km wide band of high-strain, mylonitic rocks within
the center of Bligh Sound that has pods of moderate strain, protomylonitic rocks entrained
within it. Pods of low strain, non-mylonitized material were found within both the high
strain and moderate strain domains, recognized by outcrops of L-tectonite fabric-bearing
rocks or gneissic foliation-bearing rocks that were located between outcrops of mylonitized
rocks. The presence of relatively lower strain pods within higher strain material suggests
that the GSSZ is behaving as an anastomosing shear zone, in which high strain material
flows around pods of lower strain material that are entrained within the deformational flow.
Although this strain intensity mapping technique is useful for discerning general
changes in strain intensity, this method is entirely qualitative and has no quantitative
backing. Comparing quantitative results from our 3D shape fabric analysis with the
qualitative mapping results from the field will be useful for both putting a value to how
much strain magnitude varies between our mapped domains and for testing the validity of
our strain classification criteria.
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Figure 11. Map of Bligh Sound showing strain magnitude domains mapped in the field and
structural measurements of foliations within our study area. Foliations from previous study
are from QMAP (Turnbull et al., 2010).
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4.1.3. Structural Patterns and Shear Sense Indicators
Structural orientation and kinematic data collected in the field, such as foliation
(Figure 11) and mineral stretching lineation orientations (Figure 12), were used for
structural analysis of the GSSZ deformation. We assume that all structures that we have
documented resulted from GSSZ deformation, as no other ductile fabrics cut through the
high strain fabrics that we mapped.
Foliations and Lineations
Foliations dip moderately to steeply to the W and SW throughout our study area
and generally strike between SE and SSW (Figure 11). Some steeply dipping foliations dip
off to the east in the eastern portion of our study area. Additionally, foliation dips are
consistently steeper in the southern portion of Bligh Sound, while foliation dips vary
between moderately to steeply dipping in the northern portion of Bligh Sound. Stretching
lineations plunge moderately to steeply to the SW throughout our study area and are
generally steeper in the southern portions of Bligh Sound. Lineation measurements from
stations bearing mineral assemblage 1 are pyroxene mineral stretching lineations,
measurements from stations bearing mineral assemblage 2 are hornblende mineral
stretching lineations, and measurements from mineral assemblage 3 are biotite mineral
stretching lineations.
Shear-Sense Indicators
The most common shear sense indicators found in the field were sigma-shaped
tailed porphyroclasts (generally porphyroclasts of pyroxene with hornblende tails) and
asymmetric hornblende fish (Figure 13). Other less common shear sense indicators
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included delta tailed-porphyroclasts, asymmetric ultramafic pods, and S-C fabrics. These
shear sense indicators were generally observed along the XZ planes of outcrops within the

Figure 12. Map of Bligh Sound with orientations of mineral stretching lineations and shear
sense indicators recorded in the field.
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moderate and high strain domains, considering one of the requirements for a rock to be
considered “low strain” was that it showed no signs of asymmetry. The map in Figure 12
displays all of the outcrops in which shear sense indicators were recorded with the general
direction of the “top down” shear sense. Most outcrops contained shear sense indicators
that consistently showed top-down-to-the-W or top-down-to-the-SW sense of shear, with
the exception of station 18BS62, which showed top-down-to-the-NW sense of shear.
Considering the general trends of foliations that dip moderately to steeply between W and
SW and shear sense indicators that show top-down-to-the-W-and-SW sense of motion, the
GSSZ shows an apparent normal sense of motion along foliation planes.

4.2. Three-Dimensional Shape Fabric Results
Three-dimensional shape fabric analysis was performed on 14 samples across Bligh
sound in order to determine domains of relatively high and low strain and domains of
prolate and oblate fabrics within the GSSZ. Additionally, this provides a means of
quantitatively assessing the validity of our strain intensity mapping in the field. The results
of all three shape fabric analysis methods (Rf/ɸ, Fry, and Intercept) show similar patternssamples with the lowest relative strain magnitudes tend to be more prolate in shape while
the samples with the highest relative strain magnitudes tend to be oblate in shape. The
higher strain/oblate samples define a 2.0–4.6 km wide, ~SSE-NNW trending band of rocks
of similar fabric character. The width and shape of this higher strain/oblate domain varies
depending on the shape fabric analysis method used and whether patterns in strain
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Figure 13. Outcrop images highlighting common shear sense indicators recorded in the
field. Sigma-shaped pyroxene porphyroclasts with hornblende tails are outlined in red and
hornblende fish are outlined in green. A. Outcrop image from station 18BS32 with topdown-to-the-SW sigma-shaped porphyroclasts and a hornblende fish. This station is within
the northern moderate strain domain (Figure 11). B. Image from station 18BS66 with two
top-down-to-the-west sigma shaped porphyroclasts. This station is within the high strain
domain (Figure 11).
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magnitude or symmetry are being assessed. The boundaries of this domain according to
shape fabric symmetry are approximately parallel but are not straight, making the width
variable. The boundaries of this domain according to strain magnitude are approximately
straight but converge towards the southern portion Bligh Sound. The lower strain, prolate
samples are either located outside of this high-strain/oblate band or within low-strain pods
scattered throughout the high-strain/oblate domain.
We display the results from each of our shape fabric analysis methods in four ways:
(1) on Nadai-Hsu plots to display the strain magnitude and symmetry with a 95% error
window for each sample, (2) on maps to show domains of different shape fabric symmetries
based on Lodes Parameter, (3) on maps to show domains of relative strain intensity based
on strain magnitude, and (4) graphically to show general trends in strain magnitude and
strain symmetry and to easily compare the results of the three different methods by sample.
4.2.1. Nadai-Hsu plots
Results from each method are displayed in Nadai-Hsu plots in Figure 14. For the
Rf/ɸ and Fry Nadai-Hsu plots, the polygons around each datapoint represent the 95%
confidence intervals determined from bootstrapping throughout the shape fabric analysis
process. Error could not be determined for the Intercepts results, as the software used does
not incorporate error analysis.
Samples 19HB85D and 19HB89B – Pre-deformational Shape Fabric
As previously mentioned, we cannot assume that the results from our shape fabric
analyses are representative of the true finite strain resulting from GSSZ deformation unless
we are confident that the Worsley Pluton had no shape fabric prior to GSSZ deformation.
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Samples 19HB85D and 19HB89B are samples from the Worsley pluton that were collected
outside of the GSSZ borders (Figure 2), so shape fabric analysis results from these samples
should be representative of the pre-GSSZ deformation shape fabric.
A majority of results from the three shape fabric analysis methods for our two
undeformed samples show that the Worsley Pluton has a weak oblate fabric outside of the
GSSZ boundaries. The Fry analysis for sample 19HB89B yielded a slightly prolate fabric,
but this result also had a larger amount of error associated with it than the others (Figure
14). A weak foliation was observed in these rocks in the field, and these results are likely
recording this. This foliation is likely a magmatic flow foliation that formed as the pluton
was emplaced. The magmatic origin of this fabric is evidenced by the presence of nonrecrystallized, euhedral pyroxene and plagioclase grains at these outcrops. Sample
19HB89B consistently yielded shape fabrics with higher strain magnitudes than sample
19HB85D. Considering this sample came from an area that is closer to the center of the
pluton, this could potentially be a result of stronger magmatic flow. Regardless, these
results show that the results determined from samples within the GSSZ do not likely reflect
the absolute finite strain from GSSZ deformation, but relative differences in strain intensity
and shape fabric symmetry.
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Figure 14. Nadai-Hsu plots for each shape fabric analysis method displaying results from
all samples. Datapoints with red labels are undeformed samples from outside of the GSSZ
and represent the shape fabric prior to deformation. A. Results from the Rf/ɸ analyses. Red
polygons around data points are 95% confidence windows. B. Results from the Fry
analyses. Blue polygons around data points are 95% confidence intervals. The data for
sample 18BS61 is highlighted in white to be differentiated from the data for sample
18BS42. C. Results from the Intercept analyses. This method does not account for error,
so 95% confidence intervals are not shown.
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Trends in Shape Fabric Data
Displaying data within Nadai-Hsu plots allows for easy visualization of general
trends and the amount of error associated with each sample. Although most pronounced in
the Nadai-Hsu plot displaying the Fry results, the samples with the highest strain magnitude
for each shape fabric analysis method have oblate-shaped fabrics. Additionally, the
samples with the lowest strain magnitude have prolate-shaped fabrics for the Rf/ɸ and Fry
methods. This is not always the case for the Intercepts results. Using this method, sample
18BS46, which is an oblate sample, yields a far lower strain magnitude than any of the
other samples. We suggest that this result is merely due to a lack of color differentiation
between the different mineral phases within this sample and does not truly reflect the shape
fabric of the rock, considering this sample was collected from an outcrop with mylonitic to
ultramylonitic fabrics. Despite this anomaly, the trend that samples with higher strain
magnitudes are more oblate persists throughout each of our datasets.
Comparison of 95% Confidence Intervals
For both the Rf/ɸ and Fry analyses, there is more error associated with measuring
shape fabric symmetry than with measuring strain magnitude. Confidence interval (CI)
data is displayed in Table 1. The average width of the 95% CIs (width meaning the
difference between the upper and lower limits of a CI) associated with shape fabric
symmetry for Rf/ɸ and Fry analyses are ν = 0.33 and ν = 0.49, respectively, while the
average width of the CIs associated with strain magnitude for Rf/ɸ and Fry analyses are ε
= 0.17 and ε = 0.23, respectively. On average, the shape fabric symmetry calculations had
more error associated with them, and the Fry analyses have larger CIs. However, the
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average width of the CIs for the Fry results appears to be skewed by three outliers. While
the average CI widths for the Fry results associated with strain magnitude and shape fabric
symmetry are ε = 0.23 and ν = 0.49, the median CI widths for the Fry results associated
with these parameters are ε = 0.14 and ν = 0.32. Samples 18BS78, 18BS517, and 19HB89B
have anomalously large CIs, which can be easily seen on the Fry Nadai-Hsu plot (Figure
14). The medians of the CI widths for the Rf/ɸ results more closely match the averages –
the medians for strain magnitude and shape fabric symmetry CI widths are ε = 0.15 and ν
= 0.33, respectively, while the averages are ε = 0.17 and ν = 0.33.
This shows the similarities and differences between the error associated with each
analysis. There is more error associated with the shape fabric symmetry calculations than
the strain magnitude calculations for both the Rf/ɸ and Fry analyses, and the Fry results
tend to have larger CI widths on average for both parameters, but Fry data seems to be
skewed by outliers 18BS78, 18BS517, and 19HB89B. Due to this, the median of the Fry
CI widths is likely the statistic that better represents the dataset. When comparing the
median CI widths for both ε and ν of the Fry analyses to the average CI widths for the same
parameters of the Rf/ɸ analyses, Fry methods yield a smaller CI width for e and a similar
CI width for ν (Fry, median CI widths: ε = 0.14, ν = 0.32; Rf/ɸ, average CI widths: ε =
0.17, ν = 0.33).
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Table 1. The widths of the confidence intervals (the difference between the maximum
positive error and maximum negative error) for each sample determined from the Rf/ɸ and
Fry methods. Shape fabric magnitude is represented by ε and shape fabric symmetry (lodes
parameter) is represented by ν.
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4.2.2. Shape Fabric Symmetry Maps
While plotting the 3D shape fabric analysis data on Nadai-Hsu plots allows for
easily finding trends in data and comparing the size of confidence intervals between fabric
analysis methods, Nadai-Hsu plots cannot account for spatial distribution of the samples to
put them into the context of their locality. To visualize the spatial distribution of fabric
shapes throughout the GSSZ, we divided our study area into domains based on differences
in lodes parameter between each sample. Separate maps were made for each shape fabric
analysis method (Figures 15, 16, and 17). For each map, samples were divided into four
categories based on Lodes parameter (ν): L >> S tectonites (-1 < ν < -0.5), L > S tectonites
(-0.5 < ν < 0), S > L tectonites (0 < ν < 0.5), and S >> L tectonites (0.5 < ν < 1). A NadaiHsu plot with the corresponding data from each analysis method is inset into each map,
with colors that match the domains on the map.
Although we divided our samples into these four categories, it is important to note
that the 95% confidence intervals for most samples from the Rf/ɸ and Fry results overlap
multiple domains (Figure 14). Despite this four-way division of domains possibly being
statistically insignificant due to this overlap, we show these domains on our maps because
their locations are strikingly similar across all three strain analysis methods. Regardless,
we can be statistically confident about the boundary between prolate fabrics and oblate
fabrics, marked by the thick black line in figures 15, 16, and 17. Certain samples, mostly
in the Fry dataset, have 95% confidence intervals that do fall within both the prolate and
oblate domains, but one can easily discern whether a sample is dominantly prolate or oblate
optically.
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Interpretation of the Shape Fabric Symmetry Domain Boundaries and General Trends
The distribution of shape fabric domains is very similar for all three shape fabric
analysis methods—all show that there is a SSE–NNW trending band of oblate fabrics that
varies in width (~3.1–4.6 km) in the middle of Bligh Sound. Prolate fabrics are found at
the edges of this oblate band or in pods within the oblate band. We used field observations
of fabrics together with the results from our shape fabric analyses to determine the eastern
prolate / oblate boundary in places where we did not have sample control. For example, we
could have drawn the eastern prolate / oblate boundary so that sample 18BS42 was within
the prolate domain and not a prolate pod within the oblate domain, but oblate,
protomylonitic fabrics were seen at stations 18BS40 and 18BS41, preventing us from
drawing the prolate / oblate boundary in such a way. The same case applies for stations
18BS53–18BS59, located in the southeastern portion of Bligh Sound. Protomylonitic to
mylonitic fabrics were observed at these stations, preventing us from drawing the prolate /
oblate boundary so that prolate samples 18BS60 and 18BS61 were included within the
prolate domain. Although we have no prolate samples on the western side of the oblate
band to constrain the location of the western border of the oblate band, we have inferred
the location of this prolate / oblate boundary by looking at where the dominant orientation
of foliation strikes change from SSW-NNE trending to SSE-NNW trending. This inference
made from patterns in structural data will be discussed further in Section 4.3. The presence
and width of the western L > S domain is based on the width of the eastern L > S domain,
assuming that the strain accommodation patterns across the GSSZ are approximately
symmetrical. We suggest this is a valid assumption, considering the oblate domains in
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figures 15, 16, and 17 are located approximately in the center of GSSZ boundaries
determined from QMAP (Turnbull et al., 2010). The GSSZ boundaries from QMAP are
where the foliation trajectory changes from E-W striking to SSW-NNE striking, and this
is marked in figures 11, 15, 16, and 17 by the furthest edges of the blue, L>>S domains.
Discrepancies Between Maps
The oblate bands in the Rf/ɸ and Fry maps are identical in shape, orientation, and
width, while the oblate band in the Intercept map is similar in shape and orientation, but
slightly wider. This slightly wider band of oblate fabrics is due to sample 18BS517, which
was determined to be oblate from the Intercept analysis of the sample. Also, each method
shows that there is a domain of S >> L tectonite fabrics in the northern portion of this band
of oblate fabrics. This “super oblate” domain is identical between the Intercept and Fry
maps, while this domain is narrower on the Rf/ɸ map, due to sample 18BS29 falling in the
S > L tectonite category in the Rf/ɸ dataset. Other notable discrepancies between the three
datasets are the differences in the fabric shapes of prolate pod samples within the band of
oblate fabrics, such as samples 18BS42, 18BS60, and 18BS61. Although these
discrepancies are present, they do not affect the overall geometry of the shape fabric
symmetry domains.
4.2.3. Strain Magnitude Maps
In addition to dividing Bligh Sound into domains based on shape fabric symmetry,
we also divided our study area into three domains based on relative strain magnitude to see
where the most strain is being accommodated within the GSSZ. It is important to
distinguish that, unlike our shape symmetry domains, the domains within our strain
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magnitude maps are not defined by numerical cutoffs—they are based on relative changes
of strain magnitude. This was the best way to divide our data, considering there is no
numerical definition of a “high strain” rock, and, as previously mentioned, the strain
magnitude value determined through our strain analysis methods reflects the stretch of the
shape fabric ellipsoid, which or may or may not reflect the true finite strain that a given
sample records. Because of this, we divide our samples into the categories of relatively
“high”, “moderate”, and “low” strain magnitude. For each strain analysis method, the five
highest strain samples were considered “high” strain, the five lowest strain samples were
considered “low” strain, and the four remaining samples were considered “moderate”
strain. This classification system is also useful as it allows us to compare general patterns
in strain accommodation between our shape fabric analysis methods despite overall
differences in strain magnitude. Color-coded Nadai-Hsu plots inset within each map show
the strain domain groupings.
Similar to the shape fabric symmetry data, 95% confidence intervals for many
samples from the Rf/ɸ and Fry analyses span multiple strain magnitude domains. Unlike
assessing shape fabric symmetry, we cannot classify the strain magnitude of a sample
through hand sample observation. Although the boundaries between these domains may
not be statistically significant due to overlap of 95% confidence intervals, the patterns in
strain magnitude are worth acknowledging. Strain magnitude domains are strikingly
similar for each shape fabric analysis method and parallel the shape fabric symmetry
domains discussed in the previous section.
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Interpretation of the Strain Magnitude Domains and General Trends
All three shape fabric analysis methods we used show that the highest strain
samples make up a N-S trending band that cuts through the middle of our study area. This
band is the widest in the northern portion of our study area (~3.5–3.9 km) and narrows in
the southern portion of our study area (~2.0–2.5 km). A narrow domain of moderate strain
samples borders either side of the high strain band. Lower strain samples define a broad
domain of relatively low strain accommodation on either side of the higher strain domains
and are found as pods of lower strain material within the high strain domain. Boundaries
of these domains were based on distribution of high, moderate, and low strain samples as
well as information about relative strain intensity from the field, such as variation in the
degree of mylonitization between adjacent stations. In the case of the Rf/ɸ and Fry maps,
which do not have any low strain samples on the western side, the width of the moderate
strain band and the location of the low strain / moderate strain boundary was based on the
width of the eastern moderate strain band, assuming that strain accommodation patterns
are symmetrical across the GSSZ.
Discrepancies between maps
Any discrepancies between the Rf/ɸ, Fry, and Intercepts maps are minor and not
statistically significant. One of the most notable differences is that the high strain domain
of the Intercepts map is wider than that of the Rf/ɸ and Fry maps by ~0.3–0.5 km, mostly
due to samples 18BS34 and 18BS78 being considered moderate strain according to the
Intercepts method and low strain according to the Rf/ɸ and Fry methods. The moderate
strain domains on the intercepts map are narrower than those of the Rf/ɸ and Fry maps,
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likely because sample 18BS27 was determined to be low strain and sample 18BS29 was
determined to be high strain from the Intercepts analysis. Finally, some of the lower-strain
pods within the high strain domain have different strain classifications when comparing
the three maps. Sample 18BS64 is considered low strain on the Fry map, moderate strain
on the Intercepts map, and high strain on the Rf/ɸ map. Although there is a fair amount of
variation of how samples are categorized between the three shape fabric analysis methods,
these variations show little effect on the overall map patterns of relative strain intensity,
and these variations are easier to compare graphically. Overall, all methods yield similar
results.
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Figure 15. Maps of Bligh Sound displaying 3-D shape fabric domains based on results from
Rf/ɸ analyses. Nadai-Hsu plots are color coded to show which samples fall in each domain.
A. Map with domains based on shape fabric symmetry. Structural measurements included
in this map because the cross section in figure 21 is based on this map. In addition to the
four domains, the boundary between prolate and oblate fabrics is traced with a thick black
line. Results show NNW-SSE trending band of oblate fabrics, dominated by S>L shaped
fabrics in the middle of Bligh Sound with a domain of S>>L fabrics in the northern portion
of oblate domain. B. Map with domains based on shape fabric magnitude. Results show NS trending band of high strain fabrics in the middle of Bligh Sound, roughly paralleling
oblate domain in A, bordered by lower strain fabrics.
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Figure 16. Maps of Bligh Sound displaying 3-D shape fabric domains based on results
from Fry analyses. Nadai-Hsu plots are color coded to show which samples fall in each
domain. A. Map with domains based on shape fabric symmetry. In addition to the four
domains, the boundary between prolate and oblate fabrics is traced with a thick black line.
Results show NNW-SSE trending band of oblate fabrics, dominated by S>L shaped fabrics
in the middle of Bligh Sound with a domain of S>>L fabrics in the northern portion of
oblate domain. B. Map with domains based on shape fabric magnitude. Results show N-S
trending band of high strain fabrics in the middle of Bligh Sound, roughly paralleling oblate
domain in A, bordered by lower strain fabrics.
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Figure 17. Maps of Bligh Sound displaying 3-D shape fabric domains based on results from
Intercept analyses. Nadai-Hsu plots are color coded to show which samples fall in each
domain. A. Map with domains based on shape fabric symmetry. In addition to the four
domains, the boundary between prolate and oblate fabrics is traced with a thick black line.
Results show NNW-SSE trending band of oblate fabrics, dominated by S>L shaped fabrics
in the middle of Bligh Sound with a domain of S>>L fabrics in the northern portion of
oblate domain. B. Map with domains based on shape fabric magnitude. Results show N-S
trending band of high strain fabrics in the middle of Bligh Sound, roughly paralleling oblate
domain in A, bordered by lower strain fabrics.
4.2.4. Comparing shape fabrics graphically
While Nadai-Hsu plots are useful for identifying general trends and patterns in
associated error within our strain data and maps are useful for understanding the spatial
context of our strain results, it is difficult to identify patterns in how results from the three
shape fabric analyses deviate from each other quantitatively. Ideally, results from the Rf/ɸ
analyses reflect the shape and intensity of the mafic aggregates within our samples, while
results from the Fry analyses reflect the shape and intensity of the sample’s plagioclase
matrix, so directly comparing the results of these analyses by sample could provide
information as to if the mineral phases are deforming differently. Though the Intercept
method does not directly measure a specific mineral phase for comparison, it does operate
independently of our aggregate selection. Comparing the Rf/ɸ and Fry results to the
Intercept results could reveal if our aggregate selections for the Rf/ɸ and Fry analyses lead
to an over- or underestimation of shape fabric magnitude and Lode’s parameter.
In figures 18 and 19 are a series of plots which show how Lode’s parameter and
shape fabric magnitude, respectively, vary by shape fabric analysis method for each
sample. Each graph shows two of the three shape fabric analysis methods for easy
comparison of each method. Additionally, table 2 provides the residuals, or the difference
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between the results from two methods, from all 6 graphs from figures 18 and 19 to quantify
how much the results from each method vary. These residuals only quantify the difference
between the results for each sample and do not address whether or not the data points from
which the residuals are calculated are within error of each other, but the error bars for the
Rf/ɸ and Fry analyses are present on each graph for visual inspection of overlap.
Rf/ɸ and Fry results comparison
Figure 18a shows Lode’s Parameter determined by the Rf/ɸ and Fry analyses for
each sample. The two analysis yield similar results – the average Rf/ɸ and Fry residual for
Lode’s Parameter of our samples is ν = 0.17 (Table 2). This is the smallest average residual
value of all of our comparisons, both for shape fabric symmetry and magnitude, meaning
the Rf/ɸ and Fry symmetry datasets were the most similar when compared to the residuals
from our other results comparisons. Additionally, the error bars from these analyses
overlap for all 16 samples (Figure 18a), meaning that these results are statistically
indistinguishable. Although outside the realm of statistical confidence, it is an interesting
trend that, with the exceptions of samples 18BS27, 18BS69, and 19HB89B, Fry yielded a
slightly higher Lode’s Parameter, potentially suggesting that the plagioclase matrix
deforms into a more oblate shape than the mafic aggregates within our samples.
Figure 19a shows shape fabric magnitudes determined by both the Rf/ɸ and Fry
analyses for each sample. Residuals between the two magnitude datasets were higher than
the residuals from the symmetry results from the same analyses, with the average of the
Rf/ɸ and Fry magnitude residuals being ε = 0.22. For all samples except for 18BS46, the
Rf/ɸ method yielded a higher shape fabric magnitude than the Fry method. For sample
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18BS46, Fry yielded a shape fabric magnitude that was higher than the Rf/ɸ magnitude by
ε = 0.01—a nearly indistinguishable amount. This trend, with the exceptions of samples
18BS34, 18BS35, 18BS46, 18BS78, and 18BS517, is statistically significant in the sense
that Rf/ɸ and Fry magnitudes do not fall within the error bars of each other. Magnitudes
for samples 19HB85D and 19HB89B are identical as well, but this may be because these
samples are undeformed.
Overall, the Fry analyses yield results that show slightly more oblate shape fabrics
than the Rf/ɸ analyses, but this difference is statistically insignificant. The shape fabric
magnitude results from these analyses show that the Rf/ɸ method yields higher shape fabric
magnitudes than the Fry method for a majority of samples. These comparisons could
indicate that the mafic aggregates within our samples are accommodating more strain and
producing less oblate shapes than the plagioclase matrix within the samples, but
statistically we cannot be certain about the latter of these two conclusions.
Rf/ɸ and Intercept results comparison
Figure 18b shows Lode’s Parameter determined by the Rf/ɸ and Intercept analyses
for each sample. Shape fabric symmetry results are similar between the two methods—
Lode’s parameter determined from the Intercept method fall within the error determined
by the Rf/ɸ analyses for 11 of the 16 samples, and the average Rf/ɸ and Intercept Lode’s
parameter residual is ν = 0.17 (Table 2). For four of the five samples with which there was
a significant difference in Lode’s parameter between the two datasets, Intercept yielded
more oblate fabric shapes (samples 18BS27, 18BS29, 18BS60, and 18BS517). Sample
18BS69 is the only sample with which the Rf/ɸ method yielded a more oblate shape fabric,
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but as we were unable to determine the 95% confidence windows for this sample, we
cannot determine this to be statistically significant.
Figure 19b shows shape fabric magnitudes determined by both the Rf/ɸ and
Intercept analyses for each sample. With the exception of samples 18BS34 and 19HB85D,
shape fabric magnitudes determined by the Rf/ɸ method are significantly higher than those
determined by the Intercept method. The average Rf/ɸ and Intercept magnitude residual is
ε = 0.43 (Table 2), the largest average residual of all of our method comparisons for both
symmetry and magnitude.
Overall, the shape fabric symmetry results from the Rf/ɸ and Intercept methods
were statistically indistinguishable for 11 of our 16 samples, and Intercept yielded more
oblate shape fabrics for the remaining samples. The Rf/ɸ method yielded shape fabrics that
had higher shape fabric magnitudes than those determined by the Intercept methods, with
the exceptions of samples 18BS34 and 19HB85D. If we use this comparison as a means of
assessing how our selection of mafic aggregates biases our results, assuming that the
Intercept method does effectively capture the overall fabric of our samples, this shows that
our selections may potentially over-estimate shape fabric magnitude and underestimate
Lode’s parameter in some cases. But Intercept could potentially be underestimating shape
fabric magnitude if multiple deformed mafic aggregates are touching and the grayscale
detection of the Intercept method cannot discern the individual aggregates.
Fry and Intercept results comparison
Figure 18c shows Lode’s Parameter determined by the Fry and Intercept analyses
for each sample. Lode’s parameter values determined from the Intercept method fall within
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the 95% confidence intervals determined from the Fry method for 10 of the 16 samples, so
the differences between these two methods are statistically insignificant for the majority of
our samples. For the six samples where the difference between the two methods is
statistically significant, there is no common pattern. The Intercept method yielded higher
Lode’s parameters for samples 18BS27, 18BS29, and 18BS60, whereas Fry yielded higher
Lode’s parameters for samples 18BS42, 18BS64, and 18BS66. The average residual
between Fry and Intercept Lode’s parameters for our samples is ν = 0.17 (table 2), which
is the second smallest average residual value calculated of all six of our method
comparisons, so the difference in Fry and Intercept Lode’s parameter for samples in which
this difference is statistically significant is not dramatic.
Figure 19c shows shape fabric magnitudes determined by both the Fry and Intercept
analyses for each sample. The Intercept method yielded shape fabric magnitudes that fell
within the 95% confidence intervals determined from the Fry analyses for 10 of the 16
samples. For the remaining six samples, Fry yielded higher strain magnitudes. The average
residual between the Fry and Intercept shape fabric magnitudes is ε = 0.21, but the median
is ε = 0.09. This most likely occurs because the Intercept method does not accurately
capture the shape fabric of 18BS46 due to the lack of color differentiation between mineral
phases within this sample, leading to this sample skewing the average. With the exception
of sample 18BS46, the differences between shape fabric magnitudes determined from these
two methods are minor.
Overall, the shape fabric symmetry results determined from the Fry and Intercept
methods were statistically indistinguishable for a majority of samples, and there were no
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discernible patterns in the statistically significant Lode’s Parameter variation of the other
samples. The two methods yielded shape fabric magnitudes that were also statistically
indistinguishable for 10 of the 16 samples, and Fry yielded slightly higher magnitudes for
the remaining samples. If we use this comparison as a means of assessing how our selection
of mafic aggregates biases our results, assuming that the Intercept method does effectively
capture the overall fabric of our samples, this shows that our selection has little discernible
effect on shape fabric symmetry determination but may lead to overestimating shape fabric
magnitude for the Fry analyses. But, as previously mentioned, Intercept could potentially
be underestimating shape fabric magnitude if multiple deformed mafic aggregates are
touching and the grayscale detection of the Intercept method cannot discern the individual
aggregates.
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Figure 18. Graphical comparison of lode’s parameter (shape fabric symmetry) determined
for each sample from all shape fabric analysis methods. A. Rf/ɸ and Fry comparison. B.
Rf/ɸ and Intercept comparison. C. Fry and Intercept comparison.
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Figure 19. Graphical comparison of shape fabric magnitude determined for each sample
from all shape fabric analysis methods. A. Rf/ɸ and Fry comparison. B. Rf/ɸ and Intercept
comparison. C. Fry and Intercept comparison.
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Table 2. Table with residuals (difference between two data points) for each sample from
comparisons of the three shape fabric analysis methods. We present the differences in
shape fabric magnitude (ε) and lode’s parameter (ν) for each method comparison and show
the average and median residuals for ε and ν for each method comparison.
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4.2.5. Shape Fabric Analysis Summary
Despite minor variations in the results from the Rf/ɸ, Fry, and Intercept analyses,
all methods showed similar patterns at the map scale. Shape fabric analyses of undeformed
samples from outside of the GSSZ show that the Worsley Pluton had a weak oblate
magmatic fabric prior to deformation (Figures 14, 18, and 19). Within the GSSZ, oblate
samples generally yielded higher shape fabric magnitudes than prolate samples (Figure
14), and these oblate / highest strain samples form a 2.0-4.6 km wide, NNW-SSE trending
band through the middle of Bligh sound and is bordered by prolate / lower strain samples
(Figures 15, 16, and 17). The Rf/ɸ method yielded the highest shape fabric magnitudes, the
Fry method yielded the second highest shape fabric magnitudes, and the Intercept method
yielded the lowest of this parameter (Figure 19). Shape fabric symmetry results showed
little statistically significant variation between the Fry and Intercept methods, but the Rf/ɸ
method yielded slightly more prolate fabrics than both the Fry and Intercept methods
(Figure 18). The divisions of our study area into shape fabric symmetry and magnitude
domains are consistent across each of our methods and will be used for grouping of our
structural data. All methods show N-S variability in shape fabric symmetry within the
oblate domain, but it is subtle and is not statistically significant due to overlap of 95%
confidence intervals. This shape fabric variability will be discussed further in conjunction
with petrographic results described in Section 4.4. If N-S variability is present within thin
sections as well, this will determine if the variation in shape fabric symmetry within the
oblate domain is meaningful.
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4.3. Kinematic and Structural Analysis Results – Indicators of Transpression
Our 3D shape fabric analysis allowed us to use quantitative fabric results to divide
the GSSZ into shape fabric domains based on both relative changes in shape fabric
magnitude and symmetry. Dividing our study area into domains such as these provides us
with groupings for our structural data to determine if fabric orientation changes along with
shape fabric parameters. Figure 20 contains equal area, lower-hemisphere projection
stereonets that show our structural data grouped by both shape fabric symmetry and
magnitude domains determined from the Rf/ɸ analyses. We only show structural groupings
based on the Rf/ɸ results to avoid redundancy, considering the maps determined from each
fabric analysis method were nearly identical. We chose to base our groupings on the
symmetry and magnitude domains from the Rf/ɸ analyses because this method produced
the smaller confidence intervals on average compared to those determined from the Fry
analyses.
We display our structural data in three different series of stereonets to show how
the structures of the GSSZ changes orientation throughout our shape fabric domains shown
in Figure 15. Many of the 95% confidence intervals determined from the Rf/ɸ analyses
overlapped into multiple domains, for both shape fabric magnitude and symmetry. This
allowed us to divide structural data into prolate and oblate groups because we can be
statistically confident about this grouping of data. Following predictions of transpressional
models (Figure 1), we interpret that the lower strain, prolate domains represent earlier
stages of GSSZ deformation, while the higher strain, oblate domains represent the latest
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stages of GSSZ deformation. This relative age distinction is useful for determining the
kinematics of the GSSZ from our data.
We have plotted the mineral lineations and poles to foliation for each data grouping,
as well as the mean vector of each lineation grouping, Kamb contours for each grouping of
foliation poles, and the foliation measurement that best represents each foliation grouping.
Each series of stereonets shows an overall sinistral rotation of steeply dipping foliation and
a steepening of lineation as either Lode’s parameter or shape fabric magnitude increases.
This pattern is clearest in the transition from prolate fabrics to oblate fabrics (Figure 20a),
in which the dominant SSW-NNE striking foliation of the prolate domain rotates towards
the dominant SSE-NNW striking foliation of the oblate domain. It should be noted that this
dominant SSW-NNE striking foliation orientation in the prolate domain helped us
determine the western prolate / oblate boundary where we did not have sample control
(Figures 15, 16, 17). Additionally, the dominant lineation from the prolate domain,
plunging 48º to the SSW, steepens throughout this progression to a plunge of 65º. The other
series of stereonets show this as well—foliation rotates sinistrally throughout both the
progression from L >> S fabrics to S >> L fabrics (Figure 20b) and in the progression from
relatively low to high strain fabrics (Figure 20c), and lineations steepen for both series.
Steepening of lineations as strain increases is characteristic of transpression (Figure 1). The
progressive sinistral rotation of foliation and steepening of lineation indicate that the GSSZ
likely formed due to sinistral transpression.
This steepening trend is mostly consistent throughout our three series of stereonets,
but there is a deviation in this pattern in the progression from L >> S to S >> L fabrics
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(Figure 20b). In the other fabric progressions, foliations either steepen or stay steeply
dipping (74–88º), but both foliation and lineations shallow within the S >> L domain to the
north compared to those in the S > L domain to the south, deviating from the fabric
progression associated with increasing strain and suggesting that strain magnitude may not
be the only parameter controlling shape fabric symmetry and orientation. The difference in
fabric orientation between the S >> L domain and the S > L domain is displayed in cross
sections A-A’ and B-B’ in figure 21.
Although the maps for the Rf/ɸ domains show that prolate domains parallel the
lower strain domains and oblate domains parallel the higher strain domains, Figure 15a
shows that there is N-S variability in shape fabric symmetry within the band of oblate
fabrics that does not appear to be correlated to shape fabric magnitude. There is no
anomalous domain of higher strain in the northern portion of Bligh Sound to parallel the
domain of more oblate fabrics in this area. This implies that, whereas strain magnitude may
be connected to broader classifications of shape fabric symmetry (i.e., prolate vs oblate), it
is likely that other factors may influence variability in Lode’s parameter within the high
strain domain. We describe the mineralogies and microstructures of each sample in Section
4.4 to see if the variations in Lode’s parameter and structural fabric orientations could
potentially be linked to differences in composition or deformation mechanisms.

88

Figure 20. Equal area lower-hemisphere projection stereonets showing orientations of
structural fabrics within domains determined from Rf/ɸ shape fabric analysis, shown in
figure 15. Representative foliation of each domain is determined by choosing the foliation
measurement within an area of high point density on the stereonet (determined through
Kamb contouring poles of foliations) that best fits the mean vector of lineations for that
domain. nS = number of foliations for each domain, nL = number of lineations for each
domain. All fabric progressions show a general sinistral rotation of foliation and steepening
of lineation, but the S>>L domain shown in “B” deviates from this pattern with more
shallowly dipping foliation and plunging lineation. A. Stereonets showing fabric
orientation progression from prolate domain to oblate domain. B. Stereonets showing
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fabric orientation progression throughout transition from L>>S to L>S to S>L to S>>L
domains. C. Stereonets showing fabric orientation progression throughout transition from
the low strain fabrics to moderate strain fabrics to high strain fabrics.

Figure 21. Cross sections A-A’ and B-B’ from figure 15a showing structural fabric
orientations within shape fabric symmetry domains determined from Rf/ɸ analysis. Note
that foliations are shallower within and near the S>>L domain in the A-A’ cross section
compared to those within the S>L domain in the B-B’ cross section.
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4.4. Petrographic Analysis
The main goal of our petrographic analysis was to determine the relationship
between the deformational and metamorphic histories of the GSSZ. After developing
patterns in metamorphic assemblages and deformation mechanisms at the micro-scale, we
could see if these patterns parallel spatial patterns in deformation at the macroscale.
Specifically, we wanted to see if the metamorphic evolution of the Worsley Pluton could
potentially explain N-S variation in shape fabric symmetry and structural fabric orientation
within the oblate domain (Figures 15, 20, and 21). We also wanted to see if specific
microstructures and deformation mechanisms are associated with different stages of this
metamorphic evolution. We have divided our findings into two sections: (1) a section
discussing metamorphism and deformation of mafic aggregates within our samples and (2)
a section discussing microstructures that indicate dislocation creep and diffusion creep of
the plagioclase matrix within our samples.
4.4.1. Composition and Microstructures of Mafic Aggregates
To understand the metamorphic evolution and deformational processes of the mafic
aggregates within our samples, we documented the syn-kinematic minerals that were
deforming or crystallizing for each sample and their associated microstructures. From this,
we determined a distinct mineralogic and deformational progression within our samples,
in which deformation of igneous pyroxene and crystallization of metamorphic pyroxene
marks the earliest stages of deformation, followed by the formation of syn-tectonic
hornblende and oxides around igneous and metamorphic pyroxene, followed by the
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replacement of hornblende and oxides with biotite that facilitates the development of shear
bands.
Evidence of an early stage of granulite facies metamorphism is present throughout
many of our samples in the form of deformed igneous pyroxene aggregates and the growth
of syn-tectonic metamorphic pyroxene. Metamorphic pyroxene is distinguished from
igneous pyroxene by its location within mafic aggregates- metamorphic pyroxene is in
tails, while igneous pyroxene forms the cores of aggregates. Boudinaged igneous pyroxene
aggregates are common in prolate samples, such as samples 18BS42 and 18BS60 (Figure
22). Additionally, igneous pyroxene aggregates with syn-tectonic pyroxene tails are found
throughout both prolate and oblate samples (Figure 22), suggesting that all samples
experienced early high temperature deformation likely associated with deformation that
occurred shortly after the emplacement of the Worsley Pluton.
Early granulite facies deformation was followed by a later stage of retrograde
amphibolite facies deformation, marked by the presence of syn-tectonic hornblende and
oxides within oblate samples. There is evidence for this within oblate samples bearing
mineral assemblage 2, marked by tails of hornblende and oxides that have crystallized on
the edges of pyroxene aggregates and hornblende coronas that have formed around the
edges of pyroxene aggregates (Figure 23). Additionally, oblate samples that contain syntectonic hornblende also bear shear bands composed of fine-grained hornblende. This
matrix hornblende appears to be sourced from fine hornblende that occurs as coronas
around pyroxene or is shredded from hornblende tails (Figure 23). Hornblende is present
within prolate samples 18BS34, 18BS42, and 18BS78, but this hornblende is not syn92

tectonic. Hornblende within these samples does not have a preferred orientation and does
not form any syn-kinematic indicators such as tails (Figure 8a, 8e), indicating these samples
had ceased deforming by this stage of deformation. Beach (1976, 1980) describes the
metamorphic reaction from pyroxene to hornblende as a hydration reaction. This suggests
that after initial granulite facies deformation in which pyroxene is recrystallizing and
deforming, fluids began moving throughout the GSSZ, initiating the production and
deformation of hornblende.
Finally, samples in the oblate domain bearing biotite as well as pyroxene,
hornblende, and oxides show evidence of biotite replacing hornblende and oxides, which
facilitates the development of shear bands. The photomicrograph in of sample 18BS69 in
Figure 24a shows biotite forming in portions of a pre-existing hornblende tail, which is
shredding off of the tail and coalescing with a grained hornblende corona. The
photomicrograph in Figure 24b is from sample 18BS69 as well, and shows fine grained
biotite and hornblende coalescing into a shear band, which is common throughout this
sample and other biotite bearing samples as well. The formation of shear bands in biotite
bearing samples is similar to the formation of shear bands in samples that do not contain
biotite but do contain syn-tectonic hornblende (18BS33, 18BS35), but there are more shear
bands in samples that bear biotite (Figure 24) potentially due to the planar crystal habit of
biotite being more conducive to the formation of planar shear bands. Beach (1976, 1980)
also describes the reaction from hornblende to biotite as a hydration reaction, further
suggesting that fluids were moving throughout the GSSZ in later stages of deformation.
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A distinction between the reaction from pyroxene to hornblende and the reaction
from hornblende to biotite is that an added source of potassium is required for biotite to
form from hornblende (Beach, 1976; Beach, 1980). The igneous two-pyroxene diorite from
which the mineral assemblages within the GSSZ were derived is distinctly lacking in
potassium (Allibone et al., 2009; Bradshaw, 1990). Considering the Worsley Pluton has
little potassium to support the formation of biotite, the potassium involved in the biotiteforming reaction was likely carried within the fluid that initiated the metamorphism. We
are currently uncertain of the source of the potassium within the metasomatic fluid. A
potential source for this potassium may have been other plutons the Western Fiordland
Orthogneiss that are located further to the south.
It should be noted that variance in starting composition could also aid in biotite
formation. There is syn-tectonic biotite in samples 18BS27 and 18BS29, which is not
present in other northern oblate samples, but stations 18BS27 and 18BS29 are both near
the hornblende diorite and two-pyroxene diorite contact within the Worsley Pluton, and
this difference in starting composition could be the source of the biotite.
The spatial distribution of samples that contain syn-tectonic pyroxene, syn-tectonic
hornblende, and syn-tectonic biotite is shown in Figure 25. The distribution of these
samples throughout the previously established prolate and oblate domains allow us to
divide the shape fabric symmetry domains further into metamorphic domains—the prolate
domain with syn-tectonic pyroxene, the northern oblate domain with syn-tectonic
hornblende, the southern oblate domain with syn-tectonic hornblende, and the transitional
central oblate domain. It should be noted that stations 18BS27 and 18B29 are not included
94

within the northern oblate domain, as they both contain anomalous syn-tectonic biotite that
could be a result of differing initial inherited mineralogy as opposed to fluid flow.

Figure 22. Photomicrographs from samples with syn-tectonic pyroxene aggregates. A.
Pyroxene grain with pyroxene tails within sample 18BS60. B. Cross-polarized image of
“A”. C. Pyroxene grain with pyroxene tails in sample 18BS33. D. Boudinaged pyroxene
aggregate in sample 18BS60.
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Figure 23. Photomicrographs of samples with syn-tectonic hornblende. Abbreviations are
as follows: pyx = pyroxene, hbl = hornblende, opq = opaque oxides. A. Pyroxene grain
with hornblende tails from sample 18BS35. B. Pyroxene aggregate with large hornblende
tail in sample 18BS33. C. Pyroxene grain with tail of both hornblende and an oxide in
sample 18BS33. D. Hornblende corona forming around pyroxene aggregate with a
hornblende tail in sample 18BS35. E. Shear band made of fine-grained hornblende and
some oxides between two pyroxene aggregates in sample 18BS35.
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Figure 24. Photomicrographs of samples with syn-tectonic biotite. Abbreviations are as
follows: pyx = pyroxene, hbl = hornblende, bt = biotite. A. Biotite replacing hornblende
and oxide tail on pyroxene aggregate in sample 18BS69. B. Close-up photomicrograph of
a shear band in sample 18BS69. Adjacent fine-grained biotite and hornblende coalesce into
shear band. C. Overview image of sample 18BS64 to show shear bands within sample. D.
Overview image of sample 18BS33 captured at same scale as image “C” for comparisonnote that this sample does not have as many shear bands as sample 18BS64 in image “C”
and does not contain syn-tectonic biotite.
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Figure 25. Map of Bligh Sound showing which samples contain syn-tectonic pyroxene,
hornblende, and biotite. Map also shows prolate and oblate domains divided into
metamorphic domains based on dominant syn-tectonic mineral phases within samples. The
prolate domain has exclusively syn-tectonic pyroxene, the northern oblate domain contains
syn-tectonic hornblende and relict syn-tectonic pyroxene, and the southern oblate domain
contains syn-tectonic biotite as well as relict syn-tectonic hornblende and pyroxene. There
is no oblate sample control within the central oblate domain, so it is assumed to be a
transition zone between the northern oblate and southern oblate domains. Samples 18BS27
and 18BS29 both contain syn-tectonic biotite, deviating from the other northern oblate
samples, but this is likely due to these samples having hornblende as the dominant primary
igneous mafic phase instead of pyroxene. Because of this, structural data from these
stations are excluded from the northern oblate metamorphic domain.
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4.4.2. Microstructures and Deformation Mechanisms of the Plagioclase Matrix
In order to constrain the relative temperatures and mechanisms of deformation in
plagioclase across the GSSZ, we looked for microstructures that show evidence of dynamic
recrystallization by dislocation creep and diffusion creep. Constraining relative
temperatures of deformation across the GSSZ using plagioclase is useful for determining
if the GSSZ was a conduit for mass, heat, and fluid transfer. If the movement of fluid
throughout the GSSZ resulted in the production of hydrous metamorphic phases, it is likely
that this fluid transfer was accompanied by mass and heat transfer. Therefore, we predict
that plagioclase within samples with hydrous, metamorphic hornblende and biotite will
contain higher temperature microstructures than in samples without these hydrous phases.
Our observations of anti-perthitic plagioclase structures indicate an early stage of
high-temperature deformation within all samples that could have exceeded 1000º C
(Hokada, 2001). Plagioclase with exsolution lamellae of potassium feldspar are present in
all samples, similar to those found by Daczko and Halpin (2009) in the Lake Grave locality
of the Worsley Pluton. This anti-perthitic texture is most frequent in prolate samples
18BS517 (Figure 26a), 18BS34, and 18BS42, but also occurs throughout the oblate
domain, specifically in samples 18BS33, 18BS35 (Figure 26b), and 18BS66. Another
study of anti-perthitic plagioclase within high temperature metaplutonic rocks showed that
similar anti-perthitic textures within orthopyroxene bearing rocks indicated metamorphic
temperatures ranging from 1000 to 1040º C (Hokada, 2001).
We do not suggest that this specific temperature range can be directly applied to
the Worsley Pluton, but that the presence of anti-perthitic feldspar within the Worsley is
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suggestive of metamorphic temperatures potentially exceeding 1000º C. Metamorphic
temperatures derived from exsolution lamellae within feldspars are highly dependent on
the composition and areal proportions of host and lamellae (Hokada, 2001). Therefore, one
specific range of temperatures cannot be broadly assigned to all rocks bearing anti-perthitic
textures. A feldspar thermometry study would be necessary to determine specific
temperature ranges for our samples. But, due to the similarity in mineralogy between the
anti-perthitic plagioclase bearing rocks of our study and the study of Hokada (2001), we
suggest that the anti-perthitic textures of plagioclase in the Worsley Pluton suggest high
metamorphic temperatures potentially exceeding 1000º C. Ti-in-zircon temperatures
calculated from Worsley Pluton samples estimate crystallization temperatures between
~800–840º C (Schwartz et al., 2017). This suggests that magmatic temperatures of the
Worsley Pluton must have exceeded 840º C.
Most anti-perthitic plagioclase grains show lower temperature grain boundary
microstructures at their edges, such as bulging (Figure 26c), sub-grain development, and
grain boundary migration. Variation in these microstructures will be discussed next, but
this relationship suggests that this widespread high temperature deformation was an early
phase of deformation in the GSSZ.
Deformation continued at variable temperatures throughout the GSSZ—
plagioclase microstructures within samples with hydrous metamorphic phases indicate
deformation at higher temperatures than plagioclase microstructures within samples
lacking these phases. This is shown by a variation in plagioclase grain boundary
microstructures throughout the GSSZ. Samples without syn-kinematic hydrous
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metamorphic phases (18BS34, 18BS517,18BS27, 18BS29) show extensive bulging and
sub grain development in plagioclase (Figure 26c, d) and reflecting dynamic
recrystallization by dislocation creep between 600º and 850º C (Altenberger and Wilhelm,
2000; Kruse and Stünitz, 1999; Olsen and Kohlstedt, 1985; Pryer, 1993; Vidal et al., 1980).
Plagioclase within samples bearing syn-kinematic hydrous metamorphic phases
(18BS33, 18BS35, 18BS64, 18BS66, 18BS69) experienced grain boundary migration,
marked by ameboid shaped grain boundaries (Figure 26e, f). Grain boundary migration in
plagioclase is reflective of high-temperature dynamic recrystallization at temperatures
greater than 850º C (Lafrance et al., 1998; Lafrance et al., 1996; Rosenberg and Stünitz,
2003). Plagioclase within these samples also contain less microfractures and show rare
triple junctions (Figure 26g), showing less internal strain than in plagioclase within samples
lacking syn-kinematic hydrous metamorphic phases. This could either indicate that
plagioclase experienced recovery during deformation or deformed through diffusion. Both
of these mechanisms are representative of high temperatures, with the latter of the two
occurring at temperatures greater than 800º C in the presence of fluids (Garlick and
Gromet, 2004; Passchier and Trouw, 2005; Tullis and Yund, 1991). Oxide and biotite trains
parallel to the dominant foliation with grains that are fully engulfed by plagioclase are
indicators of highly-mobile grain boundaries, further suggesting potential deformation by
diffusion (Garlick and Gromet, 2004) (Figure 26h).
Samples that contain hydrous, metamorphic hornblende and biotite often contain
hornblende and biotite shear bands. Grain size reduction of plagioclase is common adjacent
to the shear bands (Figure 27). There is more grain size reduction in samples that bear syn101

tectonic biotite, as samples with syn-tectonic biotite contain more shear bands than samples
that just bear syn-tectonic hornblende. Grain size reduction within shear zones is
commonly a result of dislocation creep (Hirth and Tullis, 1992), which can then lead to a
switch to deformation by diffusion creep within the fine-grained aggregates. Experimental
studies of feldspar aggregate deformation (Rybacki and Dresen, 2004; Tullis and Yund,
1991) found that diffusion creep in feldspar aggregates is heavily dependent on grain size
and fluid presence. Fine grained feldspar aggregates (10–50 microns) deform dominantly
by diffusion creep between greenschist and granulite facies conditions (Rybacki and
Dresen, 2004). Grain-size reduced plagioclase adjacent to shear bands within our samples
fall within this grain size range (Figure 27). Tullis and Yund (1991) found that fine-grained
feldspar aggregates deform dominantly by grain boundary diffusion creep in the presence
of fluids at temperatures between 800–900º C. Considering fluids must have been present
for the formation of biotite and hornblende, dislocation creep-induced grain size reduction
adjacent to shear bands potentially resulted in deformation by grain size-dependent, fluidenhanced diffusion creep within fine grained plagioclase aggregates.
As previously mentioned, all samples experienced an early phase of high
temperature deformation. Samples lacking hydrous mineral phases from the edges of the
record deformational temperatures between 600–850º C. Dislocation creep, marked by
grain boundary migration, and diffusion creep may have been competing processes in the
deformation of the plagioclase matrix within samples containing syn-kinematic hydrous
metamorphic phases. Regardless of which mechanism was dominant, these mechanisms
suggest that deformation occurred at high temperatures within samples with syn-kinematic
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hydrous metamorphic phases, likely above 850º C. To summarize these results, after an
early phase of high temperature deformation across the entire GSSZ, samples with hydrous
metamorphic phases record deformation at higher temperatures than samples lacking these
phases. This supports our hypothesis presented at the beginning of this section, suggesting
that mass, heat, and fluids were likely moving throughout the GSSZ as syn-kinematic
hydrous mineral phases developed. Considering samples with syn-kinematic metamorphic
hornblende and biotite are located within the oblate domain (Figure 25), the high-strain
oblate domain may have been a conduit for mass, heat, and fluid transfer within the GSSZ.

103

104

Figure 26. Photomicrographs showing plagioclase microstructures within our samples.
Abbreviations are as follows: Plag = plagioclase, exo = exsolution lamellae, blg = bulging,
gbm = grain boundary migration, tj = triple junction, ox = oxide. All images were captured
with cross-polarized light. A. Two plagioclase grains with potassium feldspar exsolution
lamellae. Red box outlines where image “C” came from. B. Image of anti-perthitic
exsolution texture in plagioclase in sample 18BS35A. C. Close up of plagioclase grain
boundary from image “A”, marked by red box in image “A”. Note bulging occurring
between plagioclase. D. Bulging occurring between plagioclase grains in sample 18BS27.
E. Plagioclase grain in sample 18BS35 that is outlined in red has experienced grain
boundary migration. F. Plagioclase grain in sample 18BS66 outlined in red has experienced
grain boundary migration. G. Rare triple junctions between plagioclase grains with low
internal strain suggest grain experienced recovery during deformation. H. Oxide trains
within plagioclase in sample 18BS35 similar to those described by Garlick and Gromet
(2004). Oxides are in a lens roughly parallel to foliation. Grains are either partially or
entirely engulfed by plagioclase, suggesting high mobility of grain boundaries.

Figure 27. Photomicrographs showing plagioclase that has experienced grain size
reduction adjacent to shear bands. GSR = grain size reduction. A. Image from 18BS69
showing biotite shear bands adjacent to pyroxene aggregate in plagioclase matrix. B.
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Cross-polarized image of “A” to show grain size reduction of plagioclase adjacent to shear
bands. C. Image from 18BS46 with many biotite shear bands. D. Cross polarized image of
“C” to show grain size reduction of plagioclase adjacent to shear bands.
4.4.3. Petrographic Analysis Summary
In both the mafic aggregates and the plagioclase matrix within our samples, we see
evidence of early, widespread high temperature deformation throughout the GSSZ. This is
marked by granulite facies reaction textures (pyroxene tails) in mafic aggregates (Figure
22) and high-temperature antiperthitic exsolution lamellae in plagioclase (Figure 26a). As
deformation progressed, retrograde amphibolite hydration reactions resulted in the
development of syn-kinematic hornblende in the northern portion of the oblate domain and
syn-kinematic hornblende and biotite in the southern portion of the oblate domain (Figures
23, 24, and 25). Biotite likely evolved in the south due to variation in metasomatic fluid
composition. Plagioclase grain boundaries suggest that samples with syn-kinematic
metamorphic phases deformed at higher temperatures than samples lacking these phases
(Figure 26). Additionally, mafic aggregates of samples with syn-kinematic metamorphic
hornblende and biotite deformed primarily through shear band development (Figures 24
and 25). Grain size reduction of plagioclase adjacent to shear bands suggests a potential
switch to deformation by diffusion creep within these samples (Figure 27).
The higher temperature microstructures and hydrous metamorphic phases within
the oblate domain suggest this domain of the GSSZ was a potential conduit for mass, fluid,
and heat transfer from the lower crust. This fluid transfer ultimately resulted in the
development of shear bands, grain size reduction of plagioclase, and potential deformation
by diffusion creep. Considering the oblate domain parallels the high strain domains of the
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GSSZ (Figure 15), fluid-initiated diffusion creep within plagioclase could potentially be
responsible for accommodating large amounts of strain.

4.5. Summary of Results
Field observations and the results from shape fabric analysis, structural analysis,
and petrographic analysis yield similar spatial patterns at the map scale. Our initial strain
mapping in the field based on qualitative strain qualifiers (e.g., the presence of shear sense
indicators, degree of grain size reduction, development of mineral lineations) matches the
general results from our shape fabric analysis. Both resulted in a 2.0–4.6 km wide, ~SSENNW trending band of relatively high-strain oblate fabrics within the middle of Bligh
Sound, which is bordered by lower-strain prolate fabrics and weak gneissic fabrics on
either side. Dividing Bligh Sound into more specific shape fabric symmetry domains
(L>>S, L>S, S>L, and S>>L fabrics) based on three separate shape fabric analysis methods
shows an anomalous domain of S>>L fabrics in the northern portion of the oblate domain.
Structural analysis shows a sinistral rotation of foliations and a steepening of lineations
throughout the transition from the prolate domain to the oblate domain, but there is N-S
variability in structural fabric orientation within the oblate domain. Petrographic analysis
shows that deformation initiated at granulite facies conditions (plagioclase + clinopyroxene
+ orthopyroxene), forming the weak gneissic and prolate fabrics shortly after the
emplacement of the Worsley Pluton. As the pluton cooled to upper amphibolite facies
conditions, GSSZ deformation focused into the 2.0–4.6 km wide band of high-strain, oblate
fabrics. However, there is N-S variability in syn-kinematic metamorphic minerals within
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the oblate domain: hornblende is the dominant syn-tectonic mineral phase in the north
whereas biotite is the dominant syn-tectonic mineral phase in the south.
Not only do results from shape fabric analysis, structural analysis, and petrographic
analysis generally parallel each other at the map scale, they all show N-S variability within
the oblate domain, suggesting that this variability within these analyses are linked. Beach
(1976, 1980) suggests that syn-kinematic metamorphic reactions, specifically the
production of biotite and hornblende from pyroxene hydration, can lead to strain softening
within ductile shear zones. We suggest that the presence of metamorphic biotite increases
the degree of strain softening, directly influencing strain accommodation and structural
fabric development within shear zones. In the next section, we interpret results from our
analyses together to discuss the effect of metamorphism on shear zone evolution and how
our results deviate from predictions made by numerical models of transpression.
Additionally, we discuss kinematic parameters of the GSSZ that can only be determined
by combining the results from our three analyses.
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CHAPTER 5. DISCUSSION
The overarching goal of this project is to see how fabric shape, structural fabric
orientation, microstructural patterns, and metamorphic reactions are related within the
GSSZ. To do this, we first interpreted field observations and results from shape fabric
analysis, structural analysis, and thin section analysis individually to see what patterns
existed within each dataset. These individual interpretations are described in Section 4. In
this section, we discuss interpretations about the GSSZ that can only be made when
viewing patterns in these datasets in conjunctly. Specifically, we discuss interpretations
about (1) vorticity-related kinematic parameters of the GSSZ and (2) how syn-kinematic
metamorphism of the Worsley Pluton directly affects the evolution the GSSZ.

5.1. Kinematic Analysis – Vorticity Parameters
In Sections 4.1 and 4.3, we determined three basic kinematic parameters of the
GSSZ through structural analysis and field observations. Structural fabric analysis shows
that foliation rotates sinistrally and lineations progressively steepen as strain increases
(Figure 20). The latter of these two results suggests that the GSSZ formed by transpression.
Shear sense indicators observed on planes of maximum asymmetry in the field record a
dominant top-down-to-the-SW sense of shear. These observations and results allow us to
conclude that the GSSZ is a transpressive, sinistral shear zone with a top-down-to-the-SW
apparent normal sense of motion. But, these conclusions do not describe the kinematics of
the GSSZ in its entirety. In this section, we discuss how we combined data from our
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different analyses to determine kinematic parameters of the GSSZ related to vorticity and
flow geometry.
5.1.1. Vorticity Normal Section, Vorticity Vector, and Pure and Simple Shear Vectors
Within a shear zone, the vorticity vector is the rotational vector about which
material flows (Figure 4). The vorticity normal section (VNS) is the flow plane oriented
perpendicular to the vorticity vector (Figure 4). The VNS is the plane of maximum
asymmetry and is the plane which contains both the simple and pure shear vectors.
Determining the orientations of the vorticity vector and the VNS allows us to better
understand the rotational component of motion within the GSSZ and gives us a way of
approximating the orientations of the simple and pure shear vectors.
Previous studies of vorticity have outlined several relationships between the
orientations of the vorticity vector, the VNS, and structural fabrics within shear zones.
These relationships, along with observations of shear sense we observed in the field, allow
us to put constraints on the potential orientations of these parameters in the GSSZ at Bligh
Sound. The constraints that we used to determine the orientations of the vorticity vector
and the VNS in the GSSZ are as follows:
1. The vorticity vector is the pole the VNS (Robin and Cruden, 1994).
2. The vorticity vector must fall on the shear zone boundary, which we take as
the boundaries of the zone of highest strain (Díaz-Azpiroz et al., 2018)
3. Top-down-to-the-SW shear sense indicators found in the field require the
vorticity vector to plunge steeply and trend to the NW or NE.
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4. The Z-axes of all oblate shape fabric ellipsoids within the GSSZ should
cluster around the VNS (Giorgis et al., 2017).
These four constraints allowed us to determine the orientations of the vorticity vector and
the VNS. The one parameter that we have not discussed yet for this determination is the
orientation of the shear zone boundary (SZB). The SZB is generally oriented parallel to the
foliation within the highest strain domain of a shear zone.
Our best determination of the SZB suggests that this plane parallels the dominant
foliation within areas with syn-tectonic biotite (Figure 25). Despite the strain magnitude
domains determined from our shape fabric analysis (Figures 15, 16, and 17), we suggest
that the portion of the high-strain domain containing syn-tectonic biotite accommodated
more strain than the portion that does not bear this phase. This interpretation was made
based on petrographic observations that showed samples with syn-tectonic biotite contain
more shear bands and show more grain size reduction of plagioclase than samples with
syn-tectonic hornblende. Additionally, mylonitic fabrics were observed in the area from
which the syn-kinematic-biotite-bearing samples were collected while protomylonitic
fabrics were observed in the area from which syn-kinematic-hornblende-bearing samples
were collected. Our strain analysis results did not show significant variation in strain
magnitude between oblate samples with different syn-kinematic minerals (Figures 14, 15,
16, 17, and 25). We suggest that this is because the frequency and interconnectivity of the
shear bands in syn-kinematic biotite bearing samples led to the highest strain aggregates
within these samples to not meet our aggregate selection criteria. One of our selection
criteria was that we could only select aggregates that had clearly defined boundaries and
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were entirely within the sample. The interconnectivity of the shear bands within synkinematic biotite bearing samples resulted in aggregates whose true boundaries extended
past the cut faces on our samples. Since the highest-strain aggregates that were more
representative of the true strain of these samples did not meet our criteria, we were left with
the aggregates that did not have interconnected shear bands and, therefore, did not record
as much strain. Therefore, significant differences in strain magnitude due to the variation
in microstructures and mineralogy was not captured through our strain analysis methods.
The dominant foliation within the syn-tectonic biotite-bearing portion of the oblate domain
is oriented 170/81 WSW, therefore we take this as the orientation of the SZB.
To determine the orientations of the VNS and the vorticity vector, we plotted the
SZB and the Z-axes from oblate samples on an equal area lower hemisphere projection
stereonet (Figure 28a). We included oblate Z-axes determined from all three shape fabric
analysis methods. Additionally, we contoured the Z-axes using Kamb contouring methods
(Kamb, 1959) to visualize where the Z-axes cluster on the stereonet. We found that a VNS
that dips 13º to the SE best fits all of the constraints outlined above. Considering the
vorticity vector is simply the pole to this plane, the vorticity vector plunges 77º to the NW.
The pure shear vector is oriented parallel to the pole to the SZB, and the simple shear vector
is oriented parallel to the intersection between the SZB and the VNS. From this, we found
that the pure shear vector has a trend and plunge of 080/09 and the simple shear vector has
a trend and plunge of 172/10. The vorticity vector, VNS, pure shear vector, and simple
shear vector are all plotted on the stereonet in Figure 28a to show how these kinematic
parameters relate to each other spatially.
112

5.1.2. Flow Geometry of the GSSZ
In addition to the kinematic parameters determined in the previous section, mineral
stretching lineations from all domains are plotted on the stereonet in Figure 28a.
Comparing lineation orientations to the orientations of the vorticity vector and the simple
shear vector is useful for determining the flow geometry of a shear zone, as specific linear
fabric patterns are predicted for transpressive shear zones showing monoclinic and triclinic
symmetry (Lin et al., 2007). Models of fabric orientations that evolve during transpression
show that for shear zones with monoclinic flow geometries, lineations commonly form
along the VNS and rotate towards the simple shear vector at low strains. At higher strains,
lineations switch from being oriented parallel to the simple shear vector to being parallel
to the vorticity vector (Sanderson and Marchini, 1984). Transpressive shear zones with
triclinic symmetry commonly have lineations that initially form oblique to both the SZB
and the VNS (Czeck and Hudleston, 2003; Jones and Holdsworth, 1998; Lin et al., 2007;
Robin and Cruden, 1994). As strain increases in the GSSZ, lineations progressively steepen
and rotate towards the vorticity vector (Figure 28a). Most lineations in the GSSZ cluster
around the SZB, but many lineations are not oriented along the SZB or the VNS.
Additionally, all of the lineations that are oriented along the SZB are oblique to both the
simple shear and vorticity vectors. This configuration of lineations closely parallels the
predictions of models of triclinic symmetry, indicating that the GSSZ has triclinic flow
geometry.
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Figure 28. Diagrams used for determining vorticity parameters. A. Equal-area lower
hemisphere projection stereonet showing angular relationships between the shear zone
boundary, vorticity vector, vorticity normal section (VNS), pure and simple shear vectors,
lineations, and z-axes from oblate shape fabric ellipsoids. Lineations are oriented obliquely
to VNS, simple shear vector, and vorticity vector, indicating that the GSSZ bears triclinic
flow symmetry. B. Figure modified from Dazcko et al (2001). This shows the angular
relationships between the flow apophyses (A1 and A2) and the maximum (XISA) and
minimum (ZISA) instantaneous strain axes for a sinistral shear zone. The SZB parallels A1.
C. Chart showing angles between all measured foliations and SZB along the VNS. We
choose a range of potential values for ϴmax of 26.5–44º, yielding a range of Wk values, 0.8
< Wk < 1.0.
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5.1.3. Wk: Simple Shear or Pure Shear Dominated?
In addition to finding the orientations of the pure and simple shear vectors, we
found the kinematic vorticity number (Wk) of the GSSZ to determine if GSSZ deformation
was dominated by simple shear or pure shear. The degree of non-coaxiality of deformation
in a shear zone can be represented by a value between zero and one, which represents the
pure and simple shear endmembers of deformation, respectively. The relationship between
the simple shear and pure shear components is nonlinear—a shear zone is considered to be
“pure shear dominated” if Wk < 0.81 and “simple shear dominated” if Wk > 0.81 (Fossen
and Tikoff, 1993; Tikoff and Fossen, 1995). Deformation is biased towards pure shear as
the pure shear component of deformation accumulates strain more efficiently due to the
coaxiality of the instantaneous strain axes and the finite strain axes in this deformation
regime.
We use a method developed by Wallis (1995) to estimate vorticity, in which he
used grain shape fabrics that were oblique to the dominant foliation. There is a relationship
between Wk and the angle between the SZB and the maximum instantaneous stretch
direction (ϴmax):
Wk = sin(2ϴmax)

(1)

The diagram in Figure 28b shows the angular relationships between these parameters
(Daczko et al., 2001). Wallis (1995) states that the long axes of oblique grain shapes that
formed during the final stages of deformation should be oriented parallel to the maximum
instantaneous strain axis (XISA) (Wallis, 1995). Fabrics that formed during earlier stages of
deformation likely originally formed at this orientation but rotated into the SZB as
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deformation progressed. Although Wallis (1995) uses this technique on oblique grain
shapes that formed at late stages of deformation, this method has also been applied to
oblique foliations that formed at the earliest stages of deformation in shear zones (Daczko
et al., 2001; Klepeis and King, 2009). Foliations at the edges of shear zones that have not
rotated towards the SZB may be representative of the initial stages of deformation, and,
consequently, approximate the orientations of the instantaneous strain axes.
We calculated the angles between all foliations measured within Bligh Sound and
the SZB along the VNS and plotted them on a histogram to visualize the maximum angles
measured (Figure 28c). To account for outliers in our data, we chose a range of values for
ϴmax. For our measurements, we found 26.5º < ϴmax < 44º, yielding a range of kinematic
vorticity numbers 0.81 < Wk < 1.0. As stated previously, Wk values greater than 0.81 are
representative of simple shear dominated deformation. Since a majority of values within
our range of Wk values are greater than 0.81, we conclude that GSSZ deformation
dominated by simple shear.
5.1.4. Discussion of GSSZ Kinematics
By combining the kinematic parameters determined in this section with the
kinematic parameters determined in Sections 4.1 and 4.3, we conclude that the GSSZ is a
sinistral, triclinic, simple-shear dominated, transpressive shear zone (Figure 28) with a topdown-to-the-SW apparent normal sense of shear (Figure 13). The vorticity vector of the
GSSZ is oriented 312/77 and the VNS is oriented 042/13 SE, yielding a simple shear vector
that is oriented 172/10 and a pure shear vector that is oriented 080/09 (Figure 28).
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The top-down-to-the-SW apparent normal sense of shear observed throughout the
GSSZ within Bligh Sound is puzzling. Apparent-normal sense of shear indicators are
commonly indicators of an extensional regime, conflicting with our findings that the GSSZ
deformed by transpression. A potential explanation for this could be related to the fact that
foliations within the GSSZ are dominantly moderately to steeply dipping, indicating that
the GSSZ is an example of inclined transpression. Jones et al. (2004) mentions that in
inclined transpression, one boundary must have a component of thrust and the other must
have a normal component. Most of the shear sense indicators noted in the field and in thin
sections show a clear top-down-to-the SW sense of shear, and a smaller population of shear
sense indicators show top-down-to-the W and NW sense of shear (Figure 12). The apparent
normal sense of motion is consistent within Bligh Sound, but the ~N-S striking fabrics of
the GSSZ extend at least 5 km to the west and 2.5 km to the east of Bligh Sound (Figure
11). If this apparent normal sense of motion seen within Bligh Sound is reflecting the
normal component of inclined transpression (Jones et al., 2004), then the thrust component
of inclined transpression may be located within the outer edges of the GSSZ. Finding topup-to-the-NE shear sense indicators along the outer edges of the GSSZ in future field
seasons could confirm this.

5.2. Metamorphic influences on Structural Fabric Variability
Results from our shape fabric, structural, and petrographic analyses show that there
is along-strike variation in all three of these datasets within the oblate, high strain domain.
All three methods of shape fabric analysis employed show that S>>L tectonites and S>L
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tectonites are present in the northern and southern portions of the oblate domain,
respectively (Figures 15, 16, and 17). Foliations dip moderately to the SW within the
northern S>>L tectonites and foliations dip steeply to the SW within the southern S>L
tectonites (Figures 20 and 21). Metamorphic hornblende is the dominant syn-kinematic
mineral in the northern portion of the oblate domain, while the southern portion of the
oblate domain has both syn-kinematic hornblende and biotite. This section will discuss
potential causes of this along-strike variation that is consistent within all of our datasets
and how this affects our interpretation of the structural fabric progression of the GSSZ.
5.2.1. Grouping Structural Data by Metamorphic Domains
Shape fabric domains determined from our shape fabric analysis show that domains
of shape fabric symmetry parallel domains of strain magnitude (Figures 15, 16, and 17). In
general, fabrics within the higher strain domains are oblate while fabrics in the lower strain
domains are more prolate. This fabric progression is accompanied by a steepening of
lineations, which is expected for a transpressive shear zone (Figure 20a, c). If Lode’s
parameter is positively correlated with strain magnitude, then the progression from L>>S
to S>>L tectonites should show the same overall steepening of structural fabrics. However,
this trend is broken within the S>>L portion of the oblate domain – foliations and lineations
are anomalously shallower within this domain (Figures 20b, 21). This indicates that either
some other parameter besides strain magnitude affected shape fabric symmetry throughout
GSSZ deformation or our shape fabric analysis was not able to fully assess the amount of
strain accommodated within the GSSZ. Additionally, there is likely a more complex
structural pattern that cannot be explained by shape fabric analysis alone.
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We suggest that variation in the syn-kinematic minerals present throughout the
oblate domain is responsible for the along-strike variation in foliation and lineation
orientations, shape fabric symmetry, and strain magnitude. Petrographic results suggest
that oblate samples with syn-tectonic biotite accommodated more strain than oblate
samples without biotite. As discussed in Section 4.4, the formation of and movement along
shear bands appears to be a dominant mechanism for deformation of mafic aggregates
within oblate samples. Grain size reduction of plagioclase adjacent to shear bands could
potentially lead to a switch from deformation by dislocation creep to deformation by
diffusion creep, which could be responsible for accommodating large amounts of strain.
Shear bands are more prevalent in samples with biotite, indicating that samples with biotite
potentially accommodated more strain than samples without it. For this reason, we
determined the SZB of the GSSZ to be parallel to the dominant foliation of the synkinematic biotite domain (Figure 25).
Variation in strain magnitude due to differences in mineralogy and microstructures
was likely not able to be picked up by our shape fabric analysis, as we performed shape
fabric analysis on small hand samples that did not capture the entirety of the highest strain
aggregates. Additionally, the difference between what we observed at the macro-scale and
the micro-scale may have resulted in the anomalous northern S>>L tectonite domain
(Figures 15, 16, 17). Mafic aggregates in this domain deformed partially through shear
band formation, but less so than in the southern S>L domain. The S>>L domain has more
stretched, tailed aggregates, which are visibly oblate at the hand sample scale. Aggregates
within S>L samples deformed primarily through shear band formation. These samples
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likely have more oblate shape fabrics, but it is difficult to characterize the true shape fabrics
of these samples at the hand sample scale when the processes they deform by are mostly
visible at the micro-scale. Within the GSSZ, strain accommodation is heavily dependent
on mineralogy and metamorphism, and shape fabric symmetry is influenced by mineralogy
and deformation mechanisms as well as strain magnitude. Therefore, using petrographic
data in conjunction with shape fabric analysis data is the best way of completely
understanding the evolution of the GSSZ. We found that grouping our structural orientation
data by metamorphic domains (Figure 25) and ordering them by the metamorphic
progression outlined above yields a clearer structural fabric progression than the one shown
solely by increasing Lode’s Parameter (Figure 20b).
Figure 29 shows our structural data grouped into the metamorphic domains shown
in Figure 25. In addition to equal-area lower-hemisphere projection stereonets showing the
progression of structural fabric orientations similar to those in Figure 20, we present block
diagrams to help readers visualize these fabrics. We also include the VNS, the vorticity
vector, and the pure and simple shear vectors determined in Figure 28a in these block
diagrams to show how the structural fabrics relate to these parameters.
Our analyses suggest that the GSSZ preserves two different fabrics that evolved
during different stages of both deformation and metamorphism. The initial SSW-NNE
striking fabric within the prolate domain, mineralogically defined by granulite facies synkinematic pyroxene, is cross-cut by a moderately dipping, SSE-NNW striking amphibolite
facies oblate fabric bearing syn-kinematic hornblende. This cross-cutting relationship is
preserved by sample 18BS66, which contains two cross-cutting lineations on a foliation
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plane of this sample (Figure 30). Additionally, this cross-cutting relationship is supported
by the differences in foliation and lineation orienations between the syn-kinematic
pyroxene bearing domain and the syn-kinematic hornblende bearing domain. Foliations
within the syn-kinematic hornblende bearing domain are shallower than in the synkinematic pyroxene bearing domain, and lineations show an apparent dextral rotation in
this transition (Figure 29). These shallower foliations and lineations are the anomalously
shallow fabrics in the S>>L domain (Figures 20, 21). A shallowing of foliation is not
predicted for triclinic transpression (Fernández and Díaz-Azpiroz, 2009), and the apparent
dextral rotation of lineation is in opposition to the dominant sinistral sense of shear of the
GSSZ. Considering this change in fabric orientation does not align with the bulk kinematics
of the GSSZ, it is unlikely that this change in fabric orientation is the result of progressive
rotation.
Through the transition from the syn-kinematic hornblende dominated northern
oblate domain to the transitional central oblate domain and finally to the syn-kinematic
biotite dominated southern domain (Figure 25), the foliations of the cross-cutting fabric
progressively steepen (Figure 29). Additionally, lineations steepen and show a sinistral
rotation, mirroring the sinistral rotation of foliation determined from structural analysis.
The structural fabric progression from the syn-kinematic hornblende bearing domain to
the syn-kinematic biotite bearing domain agrees with the predictions of steepening of
foliations and lineations made by transpressional models.
The formation of these fabrics of within the GSSZ likely occurred between ~121–
108 Ma. Marcotte et al. (2005) reports that GSSZ deformation initiated at 121.7 ± 4.2 Ma
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(2σ), and this age likely correlates to the formation of the prolate fabric within Bligh
Sound. The GSSZ cuts through the Misty Pluton, which is located south and west of the
Worsley Pluton (Allibone et al., 2009). The Misty Pluton was emplaced between 116.9 ±
1.6–114.2 ± 1.3 (2σ standard deviation) Ma (Schwartz et al., 2017), suggesting that
deformation must have continued through this period of time. Schwartz et al. (2017)
reports ages of 108–106 Ma for extensional shear zones that cross-cut regional
transpressive structures, providing an upper limit for the timing of GSSZ deformation.
We do not have any ages that represent the formation of the oblate fabric within Bligh
Sound, and therefore we cannot determine exactly when this fabric formed within the
~121–108 Ma timeframe of GSSZ deformation.
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Figure 29. Block diagrams and stereonets showing how structural fabric orientations
progress throughout metamorphic evolution within the GSSZ. Initial prolate fabric
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contains syn-tectonic pyroxene, indicating early granulite facies deformation. When
hydrous metamorphic reactions cause hornblende to react from pyroxene, a new oblate
fabric cuts across the initial pyroxene-dominated prolate fabric. We suggest that a crosscutting relationship between the oblate and prolate fabrics exists based on cross-cutting
lineations observed in sample 18BS66 (Figure 30) and the apparent dextral rotation of
lineations that occurs between these two fabrics. Dextral rotation is in opposition to the
bulk sinistral rotation of the GSSZ, so it is unlikely that the new lineation orientation would
be a result of progressive rotation. The apparent dextral “rotation” of lineation is
represented by the dashed black arrow in the northern oblate stereonet. As biotite becomes
more prevalent in the southern oblate domain, foliations steepen and lineations rotate
sinistrally. Sinistral rotation of lineation is shown by solid black arrow
5.2.3. Implications – Structural Fabrics influenced by Metamorphism
Models of triclinic transpression predict the steepening of structural fabrics that we
observe within the GSSZ. However, they do not predict the formation of a crosscutting
fabric, which progressively steepens after deformation in the shear zone initiates. The same
models also don’t account for changing boundary conditions, such as changing rheology
due to metamorphism and potential strain softening that can be associated with reactions
that form weaker minerals. Potential changes in other boundary conditions that we did not
evaluate in this study, such as variation in the displacement vector orientation and vorticity
parameters, could affect fabric development as well. Migration of the displacement vector
during deformation could potentially result in a switch between the two end-member
kinematic regimes (simple-shear dominated and pure-shear dominated), which could affect
the resulting strain fabric shapes (Fossen and Tikoff, 1998). We assumed that these
parameters were constant, considering that we did not see strong evidence to suggest
otherwise, and instead focused on metamorphic effects due to the presence of clear
metamorphic reactions.

124

We suggest that our findings show that the occurrence of metamorphic hydration
reactions strongly influence strain accommodation patterns and structural fabric
development in the GSSZ. Additionally, whether hornblende alone or hornblende and
biotite is produced from these reactions affects strain accommodation. Biotite more easily
forms shear bands than hornblende, which can lead to grain size reduction of plagioclase
and potentially a switch from dislocation creep to diffusion creep in plagioclase (Fossen
and Cavalcante, 2017; Rybacki and Dresen, 2004; Steffen et al., 2001; Tullis and Yund,
1991). Since biotite formation is dependent on potassium being available within the
metasomatic fluid, this shows that the composition of metasomatic fluid within shear zones
can be a driver for localized strain accommodation within the lower crust.
Despite metamorphism and composition being one of the most influential variables
on structural fabric development and strain accommodation within this natural example,
no current numerical models of transpressional fabrics account for localized strain
softening due to mineralogic evolution. It is understandable that this is the case—many
simplifications must be made when developing forward numerical models about
deformation, and the degree and spatial extent to which metamorphism occurs would be
difficult to predict. Although difficult, this natural example shows that metamorphism
plays an influential role in the rheology of lower crustal shear zones and calls for more
sophisticated numerical models of transpressional deformation that can potentially include
this parameter.
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Figure 30. Scan of the XY plane of sample 18BS66. Lineations are highlighted by red
dashed lines. Two lineations of different orientations are present on this sample, supporting
the idea that the oblate fabric cross cut the initial prolate fabric.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK
The George Sound Shear Zone at Bligh Sound is a SSE-NNW striking, triclinic,
simple-shear dominated, transpressional shear zone with a top-down-to-the-SW apparent
normal sense of shear. Granulite facies deformation initiated shortly after the emplacement
of the Worsley Pluton at temperatures potentially exceeding 1000º C, resulting in a prolate
fabric defined by boudinaged pyroxene aggregates. Metamorphic hydration reactions
resulted in a new oblate fabric, defined by syn-kinematic hornblende and biotite in tails on
mafic aggregates, that cross-cut the granulite facies prolate fabric. These hydration
reactions are likely a result of magma and fluid migration throughout the GSSZ during
deformation. Syn-kinematic biotite is restricted to the southern portion of this oblate fabric,
likely due to potassium being added to the metasomatic fluid from the source that produced
granitic plutons to the south of Bligh Sound. Strain localized within the new oblate fabric,
forming a ~2.0–4.6 km wide domain of high strain, protomylonitic to mylonitic rocks.
Grain boundary migration of plagioclase within this domain indicate deformational
temperatures greater than 850º C.
Mafic aggregates within the new oblate fabric containing syn-kinematic hornblende
and biotite deformed by the formation of shear bands. Grain size reduction of plagioclase
adjacent to shear bands could lead to a potential switch in deformation mechanism from
dislocation creep to diffusion creep within plagioclase. Movement along shear bands
within mafic aggregates and a potential switch to diffusion creep within plagioclase could
explain why strain localized into areas with syn-kinematic hydrous metamorphic phases.
Samples containing syn-kinematic biotite contain more shear bands and have more
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pronounced grain size reduction of plagioclase than samples only containing syn-kinematic
hornblende, suggesting biotite formation could be responsible for the accommodation of
more strain. Lineations and foliations steepen with the cross-cutting oblate domain
throughout the transition from the northern syn-kinematic bearing hornblende domain to
the southern syn-kinematic biotite bearing domain. This fabric progression is predicted as
finite strain increases within triclinic shear zones.
This work raises several more questions that are specific to the GSSZ that could be
answered by future studies of the area. Exploration of the eastern and western edges of the
GSSZ for top-up-to-the-NW sense of shear indicators could potentially explain the strange
apparent normal shear sense of the GSSZ. Considering models of transpression with
inclined extrusion predict a normal component along one shear zone boundary and a thrust
component at the other, opposing shear senses are expected on opposite sides of shear
zones with a component of extrusion. Performing strain analysis on mutually perpendicular
thin sections instead of on faces of a hand sample could quantify the difference in strain
magnitude between oblate samples that contain syn-kinematic biotite and syn-kinematic
hornblende. Whole rock geochemical analysis of samples with and without syn-kinematic
biotite could determine if the presence of biotite in the south is due to the addition of
potassium from an external source through metasomatic fluid migration. Electron
Backscatter Diffraction (EBSD) could be performed on samples bearing syn-kinematic
pyroxene, hornblende, and biotite to confirm if there is a switch from dislocation creep to
diffusion creep as hornblende and biotite are produced.
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These conclusions indicate that metamorphism lead to strain softening and greatly
influenced strain accommodation and structural fabric development throughout the course
of GSSZ deformation. By considering metamorphism within this study, we were able to
identify that the highest strain rocks of the GSSZ occur within a domain that cross-cuts an
early, lower strain fabric. We were also able to suggest a sequence of processes that lead
to this strain localization. Within these high strain rocks, the production of hydrous
metamorphic minerals led to the formation of shear bands within mafic aggregates and
grain size reduction of plagioclase, potentially leading to deformation of the plagioclase
matrix by diffusion creep. We also found that the production of biotite enhanced shear band
formation and grain size reduction of plagioclase within the GSSZ, indicating that the types
of minerals produced from metamorphism and their spatial distribution can affect strain
localization. Our results deviate from what is predicted by transpressional models, likely
because they do not take metamorphism into account. Transpressional models do not
predict the formation of a cross-cutting fabric, nor do they predict along-strike variation in
strain accommodation and structural fabric orientation within the high-strain core of shear
zones. We suggest that our results call for the development of more complex
transpressional models that could potentially incorporate changes in rheology due to
metamorphism throughout deformation.
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SUPPLEMENTARY FIGURES: 3D SHAPE FABRIC ANALYSIS PROCESS

Figure 31. Figure showing how samples were cut for shape fabric analysis. We cut
mutually perpendicular faces approximately parallel to the planes containing principal
strain axes X, Y, and Z. A. Reference diagram showing the planes defined by the principal
strain axes (XY, XZ, and YZ planes) and how they relate to foliation and lineation. Select
lineations are outlined in red, and foliations outlined in blue. B. A 3D representation of
sample 18BS35 made from scans of the XY, XZ, and YZ planes. The orientation of the
lineation on the sample is outlined in red, and the orientation of the foliation is outlined in
blue. Each cut sample was reoriented to measure the orientations of each plane. Scans of
each plane are shown in C, D, and E. Strike and Dip symbols are highlighted in red on each
scan and the strike and dip of each plane is listed under each scan.
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Figure 32. Figure showing the process for determining the 2D strain ellipse of a scanned
sample in EllipseFit using the Rf/ɸ method and the Fry method. Analyses are conducted on
the XY, XZ, and YZ planes separately, and scans from each are included to show the entire
process. Additionally, results from both the Rf/ɸ and Fry methods are shown here, but it
should be noted that different aggregate selections were completed for the two methods.
A. Images must be rotated and, potentially, reflected so that the strike symbol is horizontal
and the strike direction is to the right of the screen. The strike and dip symbols are
highlighted in red on each image. B. We fit ellipses to aggregates in each image by using
the polygon tool. After outlining the aggregate, a representative ellipse is fit to the outlined
shape. As the user outlines aggregates, axial ratio and orientation data from the best-fit
ellipses populate a datasheet within EllipseFit. C. Ellipse data collected through step B can
be used to populate an Rf/ɸ plot. The angle between the long axis of the ellipses and the
strike direction of the sample (ɸ) is on the horizontal axis and the axial ratio of each ellipse
(R) is on the vertical axis. Blue dots represent each ellipse fitted to an aggregate, and the
red dot represents the mean of the data. Black lines are density contours. The yellow
rectangle around the red dot represents the 95% confidence intervals determined for both
R and ɸ through bootstrapping. The corresponding values of R, ɸ, R95% and ɸ95% are listed
below each plot. D. Ellipse data collected through step B can be used to populate a Fry
plot. The points on each raw fry plot are plotted based on the distances between the center
points of each ellipse and their relative orientations, forming a void in the center of each
plot that approximates the shape and orientation of the strain ellipse. The enhanced
normalized Fry plots exclude certain points past the central void and use the non-excluded
points to fit an ellipse to the void. The corresponding values of R, ɸ, R95% and ɸ95% are
listed below each plot.
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Figure 33. Figure showing the process for determining the 2D strain ellipse of a scanned
sample in Intercept2003 using the Intercept method. Analyses are conducted on the XY,
XZ, and YZ planes separately, and scans from each are included to show the entire process.
A. Images must be rotated and, potentially, reflected so that the strike symbol is horizontal
and the strike direction is to the right of the screen. The strike and dip symbols are
highlighted in red on each image. B. Intercept2003 uses a grayscale value detection method
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to outline mineral phase boundaries. First, a frequency histogram of grayscale values is
generated for an image. The dominant grayscale values for the two mineral phases can be
seen in the bimodal distribution of grayscale values on the histogram. The user can then
see the difference in the two peak grayscale values and use this to determine a threshold by
which the program operates. The program searches the image for pixels between which the
grayscale value changes by at least the user-set threshold value and marks this boundary.
By doing this across the whole image, the program outlines the mafic aggregates within
our samples. C. Cropped images showing mafic aggregate outlines detected by
Intercept2003. D. Intercept2003 determines shape fabric ellipses for each face by
calculating the distances between boundaries. Like in the Rf/ɸ and Fry methods, R
represents the axial ratio of the ellipse and ɸ represents the angle between the strike arrow
of the sample and the long axis of the ellipse.
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Figure 34. Figure showing the 3D shape fabric results determined by combining the 2D
shape fabric ellipses determined from the XY, XZ, and YZ planes using the Rf/ɸ, Fry, and
Intercept methods. A. Nadai-Hsu plots show the strain magnitude and Lode’s parameter
for the ellipsoids determined from the three analyses. Ellipse data from the Rf/ɸ and Fry
analyses are used to calculate ellipsoids in EllipseFit using methods outlined by Robin
(2002). EllipseFit also incorporates bootstrapping to generate 95% confidence intervals for
each ellipsoid. This confidence window is represented by the yellow polygon on the Rf/ɸ
and Fry Nadai-Hsu plots. Ellipse data from the Intercept analyses are loaded into
Ellipsoid2003 to perform ellipsoid calculations. Ellipsoid2003 also uses methods outlined
by Robin (2002) but does not incorporate error analysis. B. Shape fabric ellipsoids
determined from each analysis. The ellipsoids for the Rf/ɸ and Fry analyses are generated
within EllipseFit. The ellipsoid for the Intercept method was generated with script within
the ROCKFAB package written for R (Webber, 2012).
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APPENDIX: 3D SHAPE FABRIC ANALYSIS DATA:

147

Sample

18BS69

18BS66

18BS64

18BS61

18BS60

18BS46
45

Fry

88

Fry

94

Fry

65

Fry

Fry

51

Fry

Intercept

41

Rf/Phi

Intercept

48
118

Rf/Phi

Intercept

52

Rf/Phi

Intercept

45

Rf/Phi

Intercept

44

Rf/Phi

Intercept

45

Method

Rf/Phi

1.06

1.54

1.27

1.49

1.52

2.19

1.40

1.56

1.99

1.70

2.14

2.60

1.34

2.27

2.92

1.27

2.14

2.29

Sample Axial
Size
Ratio

64.57

20.64

35.62

92.35

88.38

89.95

87.19

93.13

91.75

138.07

144.10

135.59

56.17

49.19

50.13

107.82

105.36

100.90

0.75

0.16

0.41

0.29

0.52

0.24

0.51

0.27

0.72

0.27

0.77

0.32

24.45

16.93

11.94

4.75

16.45

4.20

7.87

3.63

9.79

3.07

12.37

3.20

1.70

1.65

1.90

1.70

1.80

2.80

XY Plane
Axial
Orientait Selection
Orien- Ratio
on 95% Factor
tation 95%
Conf
(Fry)
Conf

53

40

152

58

75

51

98

45

134

47

46

46

2.73

3.58

5.20

4.21

3.34

4.45

2.64

2.44

5.09

2.76

2.83

3.67

2.09

2.61

3.75

1.42

7.25

7.55

Sample Axial
Size
Ratio

153.75

152.16

155.65

73.16

71.44

71.81

92.62

82.44

88.13

70.96

63.95

66.04

113.79

107.59

107.48

79.69

85.65

85.48

0.98

0.86

0.73

0.53

1.73

0.56

2.04

0.55

0.81

0.37

2.65

0.69

4.52

2.29

3.61

1.41

13.75

1.42

7.58

2.10

6.86

2.39

2.12

0.98

XZ Plane
Axial OrienOrien- Ratio taiton
tation 95% 95%
Conf Conf

Strain Ellipse Data

2.10

1.40

1.80

1.60

2.30

2.50

Selection
Factor
(Fry)

51

39

116

69

80

58

111

46

228

43

70

70

2.77

2.50

4.74

1.99

2.38

2.94

1.71

2.26

3.53

1.51

1.41

1.38

1.21

1.23

1.20

1.15

3.16

2.89

Sample Axial
Size
Ratio

34.16

34.63

33.26

154.72

160.22

159.62

146.12

141.13

146.07

99.09

111.93

109.44

57.55

59.46

61.62

125.32

116.05

116.97

1.05

0.53

0.52

0.25

0.62

0.31

0.36

0.17

0.23

0.10

0.89

0.35

13.16

2.31

5.79

2.00

8.80

2.17

24.85

6.78

31.23

12.61

6.70

3.14

YZ Plane
Axial OrienOrien- Ratio taiton
tation 95% 95%
Conf Conf

1.70

1.75

2.00

2.40

2.40

1.80

Selection
Factor
(Fry)

148

Sample

Fry

(ABC)

Fry

(ABC)

56

Fry

Intercept

41

Rf/Phi

(ABC)

63

77
32.30

1.13

1.47

1.13
0.46

145.06

0.15
35.40

39.64

39.66

0.26

169.36

12.61

2.50

2.00

71

44

65

58

87

8.21

159.05
166.96

1.28

154.45

1.34

1.43

117.08

128.70

1.17
1.24

126.31

0.55

0.20

0.43

0.12

0.79

70.15

69.36

1.21

1.30

1.66

0.46

0.79

0.41

62.04

123.17

2.72
3.55

118.33

2.62

103
45

2.00

1.90

4.20

120.88

40.54

9.79
2.70

68

45

63

49.18

90
67

2.00

2.20

42

13.95

19.17

2.63

108

8.09

98.53

1.15

1.33

1.56

56.02

36.09

41.62

96.64

1.18
1.80

101.63

54.88

58.22

56.67

42.96

39.47

52.10

0.04

0.22

0.55

15.35

5.91

68.30

15.92

15.38

0.70
0.11

6.50

27.73

0.41
0.25

7.47
0.13

YZ Plane
Axial OrienOrien- Ratio taiton
tation 95% 95%
Conf Conf

1.18

1.44

1.75

1.76

1.28

1.41

1.49

Sample Axial
Ratio
Size
45

2.00

Selection
Factor
(Fry)

2.20

XZ Plane
Axial OrienOrien- Ratio taiton
tation 95% 95%
Conf Conf

50

Sample Axial
Ratio
Size

3.41

13.72

3.67

0.10

0.65

147.15

176.73

1.15
1.17

0.71

144.56

146.47

153.89

0.35

0.72

53.11
52.16

0.25

51.13

1.22

1.59

2.19

123

2.00
2.72

19HB89B

Intercept

Rf/Phi

19HB85D

Intercept

Rf/Phi

1.88

2.38

42

96

Fry

Intercept

46

Method

Rf/Phi

18BS517

18BS78

Sample Axial
Ratio
Size

XY Plane
Axial
Orientait Selection
Orien- Ratio
on 95% Factor
tation 95%
Conf
(Fry)
Conf

Strain Ellipse Data

4.50

2.30

1.80

1.60

Selection
Factor
(Fry)

149

18BS46

18BS42

18BS35

15

2.52
1.22

240

2.44

77

2.35

Intercept

79

54

Fry

86

286
1.50

Rf/Phi

348

64

2.16

Intercept

167

31

1.93

51

335

Fry

Rf/Phi

52

89
1.69

73

Intercept

60
1.97

164

Fry

Rf/Phi

1.65

1.81
1.63

59

Fry

119

Intercept

89

2.02

(ABC)

32

45
1.54

31

308

Rf/Phi

300

63

Intercept

74
1.50

Rf/Phi

59

2.09

Fry

182

21

2.03

1.63

344

56

1.82

87

270

Intercept

244

42

Fry

65

96
1.28

Rf/Phi
153

88

Intercept

2

18BS34

18BS33

18BS29

Shape Fabric Ellipsoid Parameters

0.98

1.14

1.07

0.86

0.86

0.72

1.38

1.47

1.41

0.83

0.85

0.76

1.24

1.30

1.36

1.40

1.31

1.28

1.10

1.00

1.16

0.84

0.36

0.04

0.78

0.60

0.60

0.43

0.35

0.33

0.74

0.71

0.73

0.52

0.51

0.37

0.44

0.42

0.37

0.71

0.55

0.04

139.20

153.93

142.64

196.84

199.93

188.13

268.81

232.79

240.81

224.04

219.13

216.63

241.21

279.66

249.53

237.92

240.49

240.06

180.13

187.75

182.70

70.70

74.17

78.79

31.83

31.76

31.01

55.44

53.32

57.06

36.65

38.22

39.40

50.02

55.99

53.96

66.00

67.09

66.25

30.67

41.06

37.45

2.90

356.96

357.31

96.50

98.64

87.55

168.52

339.83

340.87

103.06

326.00

327.27

354.92

180.78

355.96

146.13

148.14

148.12

11.75

13.62

11.83

14.21

14.62

9.29

16.40

17.55

16.97

7.01

12.31

6.46

34.68

20.22

23.22

18.63

5.95

11.63

0.80

0.99

0.85

58.80

48.79

52.20

269.60

265.41

266.29

342.91

344.15

333.02

73.83

78.27

74.95

344.72

77.51

79.70

98.00

86.85

93.81

55.78

57.72

57.75

273.19

280.29

276.10

12.79

5.93

6.22

53.68

52.66

53.69

33.64

33.92

32.14

34.45

44.88

41.65

33.88

33.34

33.56

23.99

22.89

23.74

5.15

2.91

4.43

XY Strike XY Dip XZ Strike XZ Dip YZ Strike YZ Dip X Stretch Y Stretch Z Stretch X Trend X Plunge Y Trend Y Plunge Z Trend Z Plunge
1.81

Rf/Phi

18BS27

Fry

Method

Sample

Orientations of Cut Faces

150
75

69

2.45
1.34

41

Intercept

308

1.76

60

Rf/Phi

Fry

18BS517
176

0.91

1.01

0.94

0.81

0.85

1.71

51
1.76

292

Fry

53

1.07
1.07

Intercept

64

1.07
1.10

0.83

63

2.35

1.16

1.16

1.05

1.15

1.21

0.86

0.86

0.72

0.94

0.82

0.73

2.18

Rf/Phi

177

42
2.11

288
2.05

58

2.12

Intercept

49

18

Fry

60

21
1.82

Rf/Phi

160

83

Intercept

270

200.36

1.73

Rf/Phi

74

5

Fry

178

220
1.55

88
1.60

288

Intercept

85

2.72

Fry

Rf/Phi

18

54
1.96

260

2.22

1.93

42

44

Intercept

130

277

Fry

66

53
1.41

Rf/Phi

9

69

Intercept

75

(ABC)

18BS78

18BS69

18BS66

18BS64

18BS61

171
1.81

Rf/Phi

18BS60

Shape Fabric Ellipsoid Parameters

0.74

0.61

0.51

0.67

0.64

0.56

0.46

0.44

0.39

0.51

0.50

0.40

0.61

0.54

0.36

0.59

0.60

0.51

0.76

0.67

0.61

11.90

11.39

3.98

205.23

199.46

201.62

246.58

207.56

236.86

282.87

259.12

261.94

29.33

346.38

2.26

191.64

185.06

184.30

198.74

185.31

185.80

54.24

52.20

40.48

45.51

47.45

46.05

35.23

22.07

29.98

72.71

71.04

71.64

83.86

69.60

73.82

54.11

39.84

48.45

49.89

47.41

48.40

129.72

133.05

129.13

327.75

321.70

334.12

341.25

308.03

334.06

176.11

358.92

358.74

186.56

183.51

186.65

8.61

24.15

21.25

330.74

327.81

330.81

18.58

22.16

34.00

27.84

26.09

33.08

6.57

24.33

12.25

5.13

3.35

2.25

5.67

19.57

16.14

35.85

48.56

40.29

29.41

36.12

36.04

230.61

236.03

243.08

76.64

68.75

82.13

80.36

80.44

83.69

84.59

90.05

89.48

276.80

91.53

96.31

99.65

283.14

283.99

75.74

72.77

74.43

29.34

28.90

31.04

31.50

30.91

25.39

53.98

56.11

57.12

16.46

18.64

18.21

2.36

5.55

1.17

1.44

9.57

8.48

24.65

19.41

17.93

XY Strike XY Dip XZ Strike XZ Dip YZ Strike YZ Dip X Stretch Y Stretch Z Stretch X Trend X Plunge Y Trend Y Plunge Z Trend Z Plunge

Fry

Method

Sample

Orientations of Cut Faces

151

Sample

Method

(ABC)

Shape Fabric Ellipsoid Parameters

263

33

1.37
1.20

87

1.13

Intercept

3

64

1.35

61

179

Fry

100

88
1.12

85
1.11

29

Intercept

354

1.02

0.99

1.03

1.01

1.02

1.01

0.82

0.75

0.71

0.89

0.89

0.87

329.00

302.10

315.98

286.90

277.01

300.76

8.80

8.98

4.47

61.13

55.86

50.02

232.00

207.04

221.50

174.22

28.79

188.14

40.00

29.17

44.94

12.00

14.13

17.88

70.00

47.48

50.42

78.31

127.27

85.40

48.00

59.22

44.71

25.83

30.36

34.37

XY Strike XY Dip XZ Strike XZ Dip YZ Strike YZ Dip X Stretch Y Stretch Z Stretch X Trend X Plunge Y Trend Y Plunge Z Trend Z Plunge

Fry

19HB89B Rf/Phi

(ABC)

19HB85D Rf/Phi

Orientations of Cut Faces

